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A study V7as made of tiie physical s tru c tu re  of electrode%x)sit 
ed zinc under the  influence o f seven fa c to rs , namely, the a c id ity  of 
so lu tio n , the s a l t  concentra tion , tlie cu rren t d ensity , the batli teirper -  
a tu re , tiie r a te  o f a g ita tio n , the time of e le c tro d e j'o s itio n , and the 
concentration  of organic add itives . The beliaviour of e lec trodeposited  
zinc was determined fo r tiie th ree  c lasses o f organic ad d itiv es: c a tio n ic , 
anionic and non-ionic •
Prelim inary t e s t s  ivero carried  out to  choose th e rep resen t -  
a t iv e  a d d itiv e s  for  tlie  three c la s s e s  •
The q u a lity  of the deposit was defined as a function of tlie 
cathode e ffic ie n cy  and the piiysical appearance of the catliodic surface • 
The e ffec tiv en ess  of the su rfac tan ts  was determined frcra a 
s t a t i s t i c a l  model, according to  a two lev e l f a c to r ia l  design analysis , 
The consistency and sign ificance  o f the experimental r e s u l ts  were d e ta in ­
ed and tiie experimental da ta  discussed #
An e le c tro c a p illa ry  study was ca rried  out to  e s ta b lis h  the 
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T 1351
INTRODUCTION
The electrow inning of z inc , from zinc suliinate so lu tio n s , 
accounts today fo r almost 50 % o f the v;orld 's zinc production • I t  i s ,  
th e re fo re , surx?rising how la rg e ly  em pirical i s  tiie knowledge c f  such 
e le c trcd e p o sitio n , lacking no t only an understanding of tlie fundamentals 
involved but a lso  needing a system atic study of tlie process parameters 
and tiie establishm ent of optimum conditions fo r the e lec trcd ep o sitio n  •
Statement of the Problem
E lectrodeposits, being so lid  m etals, a re  fundamentally 
c ry s ta l l in e  , Frcm tlie atomic l a t t i c e ,  sf^ecific to  the m etal, c ry s ta ls  
are  aligned and joined together in  various ways to  give the physical 
s tru c tu re  of tlie d ep o sit, i . e . ,  tlie various c h a ra c te r is t ic  shapes and 
p a tte rn s  idiicli can bo observed v isu a lly  •
Hie physical s tru c tu re  o f tiie de%x)sit i s  one of the c r i t i c a l  
parameters which depends upon such v a riab le s  as the p u rity  o f the e le c tro , 
ly te ,  the s a l t  concentration , tlie s tru c tu re  o f tlie su b s tra te , the temper­
a tu re  o f tlie so lu tio n , the  a c id ity  of the e le c tro ly te , the ra te  o f a g it­
a tio n , tiie cu rren t d en sity , tlie oiimic fa c to r  o f the e le c tro ly te , the 
e lec tro d ep o sitio n  tim e, and the presence o f organic and/or inorganic 
m atter in  the batli •
- 1 -
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M vaiiœs in  the study o f these process parameters have been 
develotxid to  a large  extend on a t r ia l-a n d -e r ro r  b a s is  o r by means o f 
the c la s s ic a l  ^ p ro ach  in  studying these fa c to rs , i . e . , keeping every -  
th ing  e lse  constan t except fo r one fa c to r , say the s a l t  concentra tion , 
and exfploring the e ffe c ts  o f t l i is  on tlie s tru c tu re  of the deposit .
Then, having chosen an optimum s a l t  concen tra tion , the experiments would 
be repeated , again keeping everytliing e lse  constan t except, perhaps, the 
bath  tenpera tu re  and t l i is  tim e, e:{ploring a range o f tem peratures . Hav­
ing chosen the optimum temperature everything e ls e  would be kept as be -  
fo re , and using the s a l t  concentration and bath  tenperatu re  constan t, 
another fa c to r  would be explored, and so on •
The value to  be gained from the establishm ent o f a s t a t i s t i c a l  
model o f process parameters i s  enormous since one i s  no t r e s t r ic te d  to  
keeping everything e ls e  constant i-diile studying the  e f f e c t  o f one fa c to r  
on the  'v/liole process.A t thesame time mathematical analy sis  w il l  in d ica te  
i^hether the r e s u l ts  are  s ig n if ic a n t . A ctually , tlie researcher can vary 
a l l  the v a riab les  and g e t the influence o f a p a r t ic u la r  v a ria b le , as w ell 
as sane s ig n if ic a n t in te ra c tio n s  o f v a ria b le s , on the  process under study.
This in v es tig a tio n  i s  p a r t  of a research  program to  e s ta b lis h  
the e f f e c t  o f process parameters and optimum conditions fo r  the  e le c tro -  
deposition  o f m etals, being c a rried  out by the h y d ran e ta llu rg ica l research 
group .
I t  i s  the punxjse of th is  tlie s is  to  develop a s t a t i s t i c a l  
nethod fo r studying the physical s tru c tu re  of the deposit as a function 
o f th ree  c la sse s  o f organic ad d itiv es  -  c a tio n ic , an ion ic , and non-ion ic-.
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as w ell as to  in v es tig a te  tlie fundamentals involved in  the e le c t r ic a l  
nature o f the add itive  ixîing used •
Imi^orfance o f the Study
Hie s tru c tu re  of an e lec tro d ep o sit a f fe c ts  i t s  p ro p ertie s  and, 
th e re fo re , i t s  uses , For in stance , b r i t t l e  deposits cannot be used in  
mechanical apjolications ; the liarder and le s s  d u c tile  e lec tro d ep o sits  are 
the r e s u l ts  of the generally  f in e r  g rain  s iz e  and the presence o f in c lu s ­
ions in  tiie deposit •
The changes in  e le c tro p la tin g  conditions a f fe c t  la rg e ly  the 
g ra in  s ize  o f the  e le c tro d ep o s it v\hich, in  tu rn , a f fe c ts  the mechanical 
p ro p ertie s  of the  m etal • Depending cn those changes even a ;vorthless 
deposit can be obtained, one th a t  i s  burn t and powcfery •
Scope of Research
Of tlie various fac to rs  I'hich influence the nature  o f the 
e le c tro d e p o s it, seven were considered in  th is  research  • Hie se are  :
1, the  a c id ity  o f the so lu tion
2, tlie s a l t  concentration  of the e le c tro ly te
3, the add itive  concentration
4, the bath terrperature
5, the cu rren t-density
6, the ra te  o f a g ita tio n
7, the e lec trodeiio sition  time
A tw o-level fa c to r ia l  design of the  experiments was planned • 
A plex; g lass  e le c t ro ly t ic  c e l l ,  described in  a l a te r  sec tio n .
T 1351 -4 -
was connected to  a power si:ç>ply u n it  and the electrow inning te s ts  were 
c a rr ie d  ou t keeping the various fac to rs  o f in te r e s t  a t  the  desired  le v e ls . 
The catiiodes vjerG weigh ed before and a f te r  eacli t e s t  g iv ing , th e re fo re , 
the ca thode-e ffic ienc ies  fo r  the various treatm ents .
These catliode-effic ienc ies i\ere considered the q u a n tita tiv e  
measure o f the  physical s tru c tu re  and were analysed w ith in  the c r i t e r i a  
o f the  tavo-level f a c to r ia l  design developed in  order to  ge t the s t a t i s t i c a l  
consistency and sign ificance  of the various fac to rs  involved in  the . 
experim entation, as w ell as th e i r  e ffe c ts  and in te ra c tio n s , fo r each c la ss  
of organic ad d itiv e  used •
F in a lly , an e le c t r o c ^ i l l a r y  study of the  organic ad d itiv es  
and th e i r  reponses in  an acid  iridium was ca rr ied  ou t •
vSUR'ÆY OF THE LITERATURE
No s t a t i s t i c a l  model on the study o f organic ad d itiv es in  
electrow inning has been reported so f a r  in  the l i t e r a tu r e  •
This survey covers four sec tio n s , nanely, the  fac to rs  in  -  
fluencing the physical s tru c tu re  o f an e lo c trc d e p o s it, su rface-ac tive  
agen ts, the e lec trode  processes and tiie e le c tro c a p illa ry  phenanena •
Hie Factors Influencing  the Physical S tructure  o f the E lec trodeposit
As reported  in  the In troduction , the physical s tru c tu re  of 
the  deposit i s  a  function of various fac to rs  . They are ;
The P u rity  of tlie ElGctrol;^/te; The foreign  m atter p resen t 
in  the so lu tio n  w ill  behave in  tvjo ways;
a) i t  w il l  be deposited on the  cathode, causing the formation 
o f a so lid  so lu tion  with the m etal being deposited o r , the formation of 
in c lu sio n s, i . e . , d isc re te  foreign p a r t ic le s  p resen t in  the  e le c tro  -  
deposited metal ,
b) i t  w ill  be p rec ip ita te d  in  the  so lu tio n  . For exairple,
hydroxides and o ther basic  ccmpounds formed very near the  catiiode surface
vThere tlie hydrogen 1x3ing evolved reduces the a c id ity  ̂  ^ \
The hydrogen, ha\7ever, i s  no t always evolved and frequen tly
( 2 )e n te rs  tlie deposit as an im purity .
-5 -
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Tlio S a lt C oncentration: Increasing the supply of ions a v a il­
able fo r  discharge a t  the cathode favors large  g ra in  size^ \  I f ,
havover, the degree of io n iza tio n  i s  decreased by adding an o ther s a l t  
g iving tiie ccmmon ion e f f e c t ,  tlien the g rain  s ize  i s  reduced^ ^ ^.
Depending on the nature of the s a l t ,  more p a r t ic u la r ly  the 
anicn: , a change in  i t s  ccncentartion  can influence the  ra te  o f d is so lu t 
ion of the e lec trodcposited  metal ̂  ^ ^. I f  the s a l t  i s  not a n eu tra l s a l t ,  
bu t an acid  o r basic  s a l t ,  i t  leads to  an increase  in  the a c id ity  o r 
a lk a lin i ty  o f the  so lu tion  , co n trib u tin g , th e re fo re , to  a decrease o r 
an increase o f the  pH •
The S truc tu re  o f the Substrate Ife ta l; A phenomenon knam as 
"continuity" appears some times in  the s tru c tu re  o f the dej^xisit • This 
phencrrencn i s  tlie gravth  o f an e lec trodeposited  m etal c ry s ta l ,  w ith the 
saire ha liit and o r ie n ta tio n  of those of the su b s tra te  m etal c ry s ta l  • 
HOTIEPSALL̂  ^ ^showed tlia t the  con tinu ity  beüveen n e ta ls  belonging to  the 
same crysta lograph ic  system ^vas possib le  only v ten  the r a t io  bçtaveen th e i r  
l a t t i c e  param eters cbeyed c e rta in  ranges • He developed a tiieory re la tin g  
con tin u ity  w ith adiiesion beWeen su b stra te  m etal and e le c tro d ep o s it • 
Gonfinred by X-ray and e lec tro n  d if f ra c tio n  an a ly s is , some degree of 
con tin u ity  always e x is ts ,  although i t  i s  se Idem v is ib le  in  a microscopic 
examination •
The I3ath Temperature : Once the bath tenperatu re  i s  ra ise d ,
the ion ic  m obility  i s  increased , tlie ions a rr iv in g  fa s te r  a t  the cathode 
surface causing a very marked increase in  g ra in  s ize  . On the o ther hand, 
the ra te  o f electrocliem ical d isso lu tion  o f the m etal species u sua lly  in -
T 1351 -7 -
creases w ith a r i s e  in  tenperature^  ̂ ^ , Havever, the dependence of the 
ra te  o f d isso lu tio n  on teigpera tu re  i s  not as sinp le  as i t  v/ould appear a t  
a f i r s t  glance, because i t  i s  physicodieroical and sane times a chemical 
and p lw sical phenanenon, with d if fe re n t  k in e tic  p ro p e rtie s  and d if fe re n t  
temperature dependences, i . e . ,  d if fe re n t  a c tiv a tio n  energ ies ,
Ac id ity  of the S o lu tion ; Deposits from acid baths are  normal­
ly  la rge-g ra ined , columnar and are frecjuently twinned •
Hydrogen ion concentration has an in po rtan t e f f e c t  on the  
e lec trode  process . Increasing  the a c id ity  o f a so lu tion  means th a t  more 
hydrogen ions are  availab le  a t  the  catiiode su rface , increasing  tlie 
catliodic process of hydrogen depo lariza tion   ̂ ^ \  This sub jec t w il l  be 
ex ten siv e lly  described in  a l a t e r  section  * H iis e f fe c t  w il l  decrease 
the  ra te  o f deposition , a lla v  tlie d isso lu tio n  o f the metal species, and 
w ill  r e s u l t  in  the production of a rough deposit  ̂  ̂ \
The Current-D ensity; Grain s iz e  i s  reduced as the cu rren t- 
density  i s  increased , fo r  a high cu rren t-d en sity  favors an increasing  
ra te  of deposition  dep le ting  the m etal ion concentration in  the v ic in ity  
of the cathode • Occasional exceptions to  th is  occur, fo r exarrple, in  
the  case o f nid-cel p la tin g  soluti.ons in  a c e r ta in  a c id ity  range ̂  ^ \
As the cu rren t-d en sity  i s  increased tlie deposited  m etal has
a tendency to  sprout out in  needle slia:ied form, in liib itin g  the form\ation 
( 9 )o f th id ;  deposits , The cu rren t-density  plays a very im portant ro le  
in  determ ining the nature of the deposit , Under seme conditions i t  w i l l  
r e s u l t  i n  a spongy, dark , porous form; changing those conditions may give 
a very hard^ adlierent deposit ,
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Ohmic Factor o f tlie E lec tro ly te  ; In  an e le c tro ly te  with low 
sp e c if ic  e le c t r i c a l  conductiv ity , i . e . ,  a high sp e c if ic  r e s i s t iv i ty ,  the 
voltage drop across the c e l l  w il l  be higlier, fo r a given cu rren t-d en sity , 
than i f  the e le c tro ly te  had a lav e r sp e c if ic  r e s i s t iv i ty  , Thus, fo r a 
given p o te n t ia l ,  the  cathcde-effic iency  w il l  decrease witli an increase  in
/ 5 \
the  ohmic r e s i s t  nee .
Rate o f A g ita ta tio n ; A gitation favors an increase  in  the
( 3 9 )  ^g ra in  s ize  * , fo r i t  helps to  bring fresh  m etal ions to  the cathode
lay e r .T hese changes in  g rain  size  are acconpainied by considerable 
changes in  hardness  ̂ ^ \
A w ell known e f f e c t  of a g ita tio n  on the so lu tio n  i s  to  e lim in ­
a te  the  pliencmenon of concentration  p o la r iz a tio n , i . e . ,  the  p o la riza tio n  
due to  the  ion concentration  in  the v ic in ity  o f the e lec trode  .
NAYBOUR̂   ̂po in ts  out th a t  a succèsfu l  method fo r prevent­
ing d e n d ritic  growtli must in h ib i t  the  formation o f the  d iffu s io n  depleted  
lay e r in  the  v ic in i ty  o f th e . e lec trode  surface . Since the  d iffu s io n
con tro lled  processes in  liq u id s  depend very much upon the hydrodynamic 
( 12 )conditions , the  v e lo c ity  o f the medium has a very accentuated e f f e c t
upon i t  . Hie l i t e r a tu r e  sliavs the cu rren t-d en sity  being studied over a 
range o f Jfeynold's Numbers^ ^.
The E lectrodeposition  Time; Time i s  a very im portant fac to r  
in  e lec trcd ep o sitio n  . From Faraday 's law, the cimount o f m ateria l being 
deposited on the catiiode i s  d ire c tly  p roportional to  the time allovfed fo r 
the  e lec trcd ep o sitio n  .
Time has a decisive influence on the a c id ity  o f some b a th s ,
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on the performance of the ad d itiv es  and on the s a l t  concentartion  . For 
example, a long e lec tro d ep o sitio n  tim e, m th o u t period ic  add ition  of 
organic reagent w ill  cause a very burned deposit  ̂ ^ \  In  zinc e le c tro  -  
winning, a long deposition  time w il l  alloiv the formation o f enormous 
tre e s  on tiie edges •
The Presence of Inorganic and Organic A dditives : These sub­
stances are  added to  the so lu tion  in  r e la tiv e ly  small amounts in  order 
to  smoothen o r brigh ten  the  e lec trodeposited  surface and to  prevent ex -  
cessive d e n d ritic  gravth,which would cause sh o r t-c irc u itin g  of the e le c tro  _ 
des, a very high lo ca l cu rren t-d en sity , and a p i t te d  e lec trode  surface •
The presence of organic m atter w il l  be discussed in  more d e t a i l  
in  the next section  •
Surface-Active Agents
C ertain  substances are strong ly  adsorbed a t  su rfaces o r in te r  -  
faces in  the form of an o rien ted  mono-molecular lay e r . These substances 
are c a lle d  su rface-ac tive  agents •
The adsorption  phenomena occurring under the influence o f 
these substances a re  a dynamic process, leading to  an equ ilib rium  between 
the tendency to  adsorb and the tendency to  mix completely due to  the 
tiiermal motion of the molecules •
The surfactants a re  p o la r , containing a hydrocarlxxn chain of 
va riab le  length and a so lu b iliz in g  group • The hydrocarbon d ia in  i s  hydro -  
phobic, i . e . , water re][X3l ie n t ,  and the so lu b iliz in g  group i s  hydroph ilic , 
i . e . ,  water a ttra c te d  . These two groups, c o n s titu tin g  a nrxlecule,iiipart 
to  i t  a p roperty  of being ac tive  a t  in te rfac es  by reducting  tlie su rface-
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tension  of tlie so lu tion  •
The o rie n ta tio n  of molecule a t  in te rfa c e s  depends on the 
conponcnts o f tlie in te rfac e  , At tiie in te rfac e  between two iimiisc ib le  
substances, the hydrocarbon cliain i s  o rien ted  tavards the hydrcphc±>ic 
phase and the so lu b iliz in g  groiçi i s  o rien ted  tavards the hyd roph illic  
substance •
The presence of organic m atter in  e le c tro ly te s  has been
stud ied  and i s  known to  a f fe c t  the e lec tro d ep o sit , One o f the f i r s t
( 13 )reported  papers on the  sub jec t was th a t  of CLASSEN , who in  1906
took out a p a ten t claim ing th a t  the deposit o f zinc i s  much iirproved i f  
c e rta in  organic caipounds o f the  glucoside c la ss  are  added to  the e le c tro ^  
ly te  • The substance he suggested to  use was l ic o r ic e  ro o t o r e x tra c t .
Other experiments using add ition  of small amounts o f  l ic o r ­
ice  to  tlie e le c tro ly te  are reported  in  l i te r a tu r e   ̂ ^, Tlie conclusions
always are th a t  th is  substance has a very marked e f f e c t  on the zinc 
deposits  obtained . I t  was observed tlia t a very sm all amount o f l ic o r -  ' 
ice  i s  occluded in  the deposit .
Other add itives reported in  l i te r a tu r e  are betlia-naphto l,
s ta rch  and g lu e , a l l  irrproving the bath conditions fo r p la tin g  ̂  \
( 15 )According to  ANTROPOV , the e f fe c ts  caused by organic
ccnpounds are not only a function o f th e i r  chemical p ro p e rtie s  and 
s tru c tu re , b u t depend a lso  on the nature of the m etal being p la ted  or 
d isso lved , on the co rposition  of the iredium and on the conditions under 
which tlie o v e ra ll process occurs , Organic conpounds shav a s e le c tiv i ty  
of ac tion  which has not been e:-cplained s a t is f a c to r i ly  , Under ce rta in
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c c n d itia is  they can p ro te c t a given m etal from d isso lu tio n  and prevent 
d e n d ritic  growth. At same tim e, they can loose th is  a b i l i ty  under o ther 
cond itions, such as change in  concentra tion , or with o ther m etals •
C la s s if ic a tio n  of Surface-Active Agents: S urface-active  '
agents are  grouu^ed in to  th ree  c la sse s , according to  th e i r  physicochemical 
p ro p e rtie s  ̂   ̂^  ̂* They a re  :
a) ca tio n -ac tiv e  compounds
b) an ion-active  cŒpounds
c) non-ionic ccnpounds
The p ro p e rtie s  o f the su rface -ac tive  molecules can be varied  
a t  w ill  ̂  ^, by ciianging the  lenght o f the hydrocarbon chain and/or
modifying the  nature  o f the so lu b iliz in g  group •
Appendix 1 l i s t s  tiie various su rface -ac tiv e  add itives accord­
ing to  th e i r  charges  ̂ \
Ffechanism o f Adsorption
Hie ra te  o f d iffu s io n  of the su rface -ac tiv e  molecules through 
the so lu tion  tavard  the  in te rfac e  determines the formation of the adsorb­
ed lay e r .
I4ost o f the electrochem ical processes are g re a tly  influenced 
by the adsorption o f organic substances • Unusual physical p ro p ertie s  
are  observed in  so lu tio n s of h ighly su rface -ac tiv e  substances • Although 
they a c t as normal electro l^^tes in  d i lu te  so lu tio n s , a t  defined co n cen tra t­
ions severa l j iiy s ic a l p ro p ertie s  change aixnormally . For in stance , the 
increase in  osniotic preasuro with concentration i s  asym ptotic, suggesting
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th a t  m olecular a ssoc ia tion  i s  tak ing  place . l la ;e \^ r , witli tl-ie e le c t r ic a l  
conductiv ity  remaining h i ^ ,  ion ic  d isso c ia tio n  s t i l l  e x is ts  •
This behaviour i s  explained  ̂  ^by the ex istence  of organiz­
ed aggregates, c a lle d  m ice lles , o f the su rface -ac tive  ions, in  which the 
lip o p h ilic  hydrocarbon chains are o rien ted  toward the in te r io r  o f the 
m ice lle , leaving the hydrophilic  groups in  con tac t w ith txie aqueous medium. 
These m icelles could a lso  be formed by non-ionic su rfac tan ts  a t  sm all 
ccn cen ti^ ticn s •
Beyond the c r i t i c a l  m icelle concentra tion , i . e . ,  the conoentrat. 
ion a t  which there  e x is ts  a large  number of m ice lles , tlie su rface-tension  
of the  so lu tio n  does no t change appreciably , since the  m icelles themselves 
are not su rface -ac tiv e  •
Adsorbed layers can have a very g re a t influence iç>on the 
k in e tic s  of electrocliem ical processes , FRUMKIN  ̂  ̂ g ives exanples
of th is  na tu re , i . e . ,  \>hen in  the presence o f adsorbed la;^ers, a lim itin g  
c u rren t nearly  independent o f the p o te n tia l i s  observed, in d ica tin g  th a t  
the  ra te  determ ining step  i s  the penetra tion  of tiie d isso lved  reac tin g  
p a r t ic le s  in  the  adsorbed lay e r #
In  seme rea c tio n s , although the adsorption in fluences the 
r a te ,  the mechanism apparently  remains the same . This i s ,  fo r in s tan ce , 
as reported  by FRUKITJ -  a f t e r  EIISIIIER, RANDIES, and ŒRISIER - ,  the case 
o f the excliange o f zinc bet\\een Zn-amalgam and ZnSO  ̂ so lu tio n  .
I t  i s  a w l l  known fa c t  tlia t seme inorganic ions re ta rd  the 
hydrogen evo lu tion , e .g . ,  on a Ilg-electrode frcm a d i lu te  IlCl so lu tio n , 
because of the change in  the d is tr ib u tio n  of the p o te n tia l  w itliin the
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( 19 )double lay e r a t  tiie m eta l/so lu tio n  in te rfa c e  •
This e le c t ro s ta t ic  p ic tu re , although p e rfe c tly  v a lid  fo r  in ­
organic io n s , i s  not so e a s i ly  s tru c tu red  fo r organic ccnpounds •
FRUriKIN suggests th a t ,  a t  le a s t  in  the case o f organic cations i t  i s  p a r t ­
ly  possib le  because of the strong dependence of those ca tions on coulanb- 
i c  forces since the p o te n tia l  a t  a d istance  o f c lo se s t approadi o f the 
reac tin g  p a r t ic le  to  the  e lec trode  surface i s  reversed •
Tlie action  of adsorbed n e u tra l molecules and, to  some extend, 
the ac tio n  of large  organic ca tio n s i s  re la te d  to  the coverage o f the 
surface by adsorbed p a r t ic le s  •
An adsorbed layer can a c t in  two ways :
a) i t  can create ; unfavorable conditions a t  the e le c tro d e / 
so lu tio n  in te rfa c e  fo r the process o f discharge • These unfavorable 
conditions can be s e t  oh c e r ta in  areas of the  e lec trode  su rface , fo r 
in stan ce , on the surface peaks, co n trib u tin g , th e re fo re , to  the develop- 
læ nt o f a honogeneous deposit •
b) by hindering the approach o f the reac ting  p a r t ic le s  to  
the surface •
E lectrode Processes
In  order to  b e tte r  understand what i s  happening on an e le c tro , 
de , i t  i s  u se fu l to  review sane in p o rtan t fa c ts  about the reac tio n s  a t  
so lid  su rfaces, and about hydrogen*polarization and d epo la riza tion  •
Reactions a t  S o lid .S u rfaces; The surface o f a so lid  can be 
thought of chem ically as an a rray  of dangling bonds Since tlie so lid
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su rfa œ s  are  non-haiiogeneous \-je observe g rea t v a ria  tie n s  in  re a c t iv i ty , 
depending on tlie face o f the  c ry s ta l .  Atomically rough surfaces shaf the 
g re a te s t  r e a c t iv i ty ,  while the  c lose  packed surfaces are the le a s t  reac t.-  
ive • On the o th er hand, as s ta te d  by VER-IILYEÂ  \  on close packed 
surfaces the atoms a t  steps and kinks are more reac tiv e  than atoms in  
normal rxDsitiai in  the plane •
Great v a ria tio n s  in  the surface s tru c tu re  o f a  crysta l,vhose
( 21 )q u a li ta t iv e  evidence comes frcm observations of cirystal growth ,a re
observed ivith adsorption and reac tio n  a t  s o lid /e le c tro ly te  in te rfac e  ,
VEKIILYEA, a f te r  BUGCLEY, po in ts  out the p rin c ip a l aspects 
o f those q u a li ta t iv e  observations^  ̂ :
a) the adsorption takes place p re fe re n tia l ly  on estab lish ed  
faces of graving c ry s ta ls  «
b) tiie add ition  o f sm all amounts o f in p u r it ie s  changes the 
sh^)e o f graving or d isso lv ing  c ry s ta ls  ,
C rysta ls ranging frcm large polyhedra throu<ÿi lA i^ e r s  to  the 
ex trenely  fin e  p o ly cry s ta ls  of b rig h t deposits can be grown by changing 
tiie so lu tio n  .
Hie in te rp re ta tio n s  o f the sp e c if ic  in te ra c tio n s  are not 
s a t is fa c to ry  a t  the p resen t time • A ll those in te rp re ta t io n s , involving 
changes in  the  re la tiv e  surface energy of various faces , changes in  the  
k in e t ic  processes involved in  atom deposition or d isso lu tio n  a t  su rfaces, 
are fe a s ib le   ̂ \
The im portant p o in t, however, i s  th a t  the in te ra c tio n s  of 
so lu tio n s w ith so lid  surfaces are  highly sp e c if ic  and vary markedly with
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the s tru c tu re  of tiie surface , The r e a c t iv i t ie s  o f the various c ry s ta l  
faces are  heav ily  dependent içx^n tlie v a ria tio n s  frcm face to  face o f a 
c ry s ta l ,  in  tlie surface e le c t r ic a l  double lay e r ,
FRUHvIN has demonstrated the e f fe c ts  o f the s tru c tu re  o f tiie 
double lay e r a t  tiie metal surface on the e lec trode  processes . Those 
e f fe c ts  are  o f th ree  kinds:
a) the e f f e c t  o f the double lay e r f ie ld  in  a l te r in g  the 
d is tr ib u tio n  of ions in  the so lu tion  near the  e lec trode  •
b) the f ie ld  in  tiie double layer may modify the adsorption 
of a charged or uncharged substance on the surface •
c) the f ie ld  in  tiie double lay e r may change tiie ra te  o f 
coupled reac tio n s occurring in  the so lu tio n  near the surface .
A d if fe re n t  therm ionic work function a r is e s  in  each face of a 
c ry s ta l  placed in  a so lu tio n , altiiough i t  i s  a t  an uniform p o te n tia l  •
A general c o rre la tio n  between the therm ionic work function , -  
i . e . , t h e  energy g rad ien t recjuired to  separate an e.l'’c trcn  in  the  io n iz a t -  
ion of a m etal atom and remove i t  to  a d istance  where e le c t ro s ta t ic  i n t e r ­
ac tio n  between the ion and e lec tro n  becomes in f in i te ly  sm all, and the 
p o in t o f maximum e le c tro c a p illa ry  p o te n tia l  o f the m etal in  so lu tio n , i . e . , 
the  value o f the p o te n tia l  wiien the o ther measured va riab le  in  a e le c tro ­
c a p illa ry  curve i s  a t  i t s  maximum value, does e x is t ,  hence a d if f e re n t  
so lu tion  double layer i s  expected a t  each face o f a c ry s ta l^  \
The concentration of ions in  the so lu tion  near each face w ill  
th e re fo re  d i f f e r  . As a r e s u l t ,  the adsorption of s[X3cies from the 
so lu tion  may d i f f e r  on each face , and d if fe re n t reac tions may occur in
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tliG s o l u t i o n  n e a r  e a d i  f a c e  •
As s ta te d  by VEKULYEÂ  ^ , such e ffe c ts  decide tlie type of 
o v e ra ll reac tio n s which can occur in  various regions of a m etal surface 
a t  any in s ta n t  •
For in stan ce , with the  repulsion  of the  ion involved from the 
double la y e r , the c a tio n ic  reac tio n  may be in h ib ited  throughout large 
regions of the surface • On tlie o ther hand, the  anodic reac ticn  could be • 
confined to  c e r ta in  regions of the  surface because of the exclusion of 
acceptor ions frcm the surface e ls e i te r e  « As a r e s u l t ,  p i t t in g  can 
occur in  tliose areas •
Hydrogen P o la riza tio n  and D epolarization; The decrease in  tlie 
i n i t i a l  p o te n tia l  d ifference  between two e lec tro d es in  a galvanic c e l l  i s  
c a lle d  p o la r iz a tio n  . Hence p o la riz a tio n  i s  a measure of the dev ia tion  
o f the ac tu a l e lec trode  p o te n tia ls  frcm tlie i n i t i a l  s t a t i c  p o te n tia ls  ,
Hvo types of p o la riza tio n  phenomena can be p resen t in  an 
e le c t r o ly t ic  c e l l  • Those are tlie anodic and cathodic p o la riza tio n  •
a) anodic p o la riz a tio n  i s  defined by the displacem ent o f the 
anode p o te n tia l  tavard  a more %x)sitive p o te n tia l  •
b) cathodic p o la riza tio n  i s  defined by the  d isplaconent o f 
tlie cathode p o te n tia l  toward a more negative p o te n tia l  •
D epolarization i s  àn e lec trode  process th a t  decreases the 
p o la riz a tio n  on the surface of an e lec trode  • By tlie very same reason 
th a t  anodic and cathodic p o la riza tio n  occur, anodic and cathodic depo lar­
iz a tio n  e x is t  •
displacement: o f e le c tro n s ' 5 ) in  a i>olarization phono-
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mencn i s  achieved f a s te r  than tiie process o f de%x)larization o r sudi second­
ary process as d iffu s io n  •
TaiASIIOV  ̂ 5 ) suggested tlie fo liav in g  step s fo r  both cathodic
and anodic p o la riza tio n  :
a) chemical p o la riz a tio n , i . e . ,  any re ta rd a tio n  o f the e le c t ro ­
de process by in te r fe r in g  w ith the e lec trode  reac tio n  ,
b) concentration  p o la riza tio n , i . e . ,  any cumulative c o n cen trâ t- 
ion o f the m etal ions a t  the v ic in i ty  of the e lec trode  su rface , due to  a 
lo ss  in  the a b i l i ty  of the ions to  d iffu se  in to  the so lu tion  ,
Hydrogen Overvoltage; Hydrogen overvoltage i s  a cathodic 
po lariza tica i phenomenon a t  a given cu rren t d e n s ity , caused by hydrogen 
evolu tion  a t  a p o te n tia l  more negative than th a t  o f the hydrogen e le c tro ­
de in  the same so lu tio n , vdthout passing cu rren t . Any p o te n tia l  in  
excess of the rev e rs ib le  p o te n tia l  o f an e lec trode  i s  defined as over­
p o te n tia l  o r overvoltage ̂  \
Hydrogen overvoltage has a. tremendous importance in  e lec tro -.
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chemistry and i t  has been estab lish ed  th a t  i t  i s  highly dependent on 
the  m a te ria l, in p u r i t ie s ,  the s ta te  o f the cathode su rface , the nature  of 
the so lven t, the presence of su rface -ac tive  agents, presence o f polyvalent 
ca tio n s and tiiose cations capable of being discharged on tiie cathode in  
the  presence of oxid izing  agents, p a r tic u la r ly  oxygen . Follaving i s  a 
summary of the e ffe c ts  o f tiie various fac to rs  on hydrogen overvoltagô  ̂ \
a) condition of the e lectrode  surface; the rougher tiie e le c t r o ­
de su rface , the  lav e r the  overvoltage .
b) p u rity  o f tiie e lectrode  m etal; im p u ritie s , even a t  very
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small concentrations may a l t e r  the  overvoltage •
c) length  o f e le c tro ly s is :  a c e r ta in  length  of time i s  
requ ired  to  reach tiie maximum overvoltage .
d) tem perature v a ria tio n : t i i is  i s  a co n tro v ersia l po in t •
Some researchers found th a t  increasing  temperature lav e rs the overvoltage, 
o thers th a t  i t  ra is e s  i t ,  and s t i l l - o th e r s  th a t  i t  does no t change a t  a l l ,
e) exposure o f the reac tio n  to  l ig h t :  tlie e lec troevo lu tion  
of hydrogen and oxygen i s  accelera ted  by exposure of the e lec tro d es to  
l ig h t  of sh o rt wave length  ,
f) a lte rn a tin g  cu rren t: the superinposition  o f a lte rn a tin g  
cu rren t lavers the  overvoltage ,
g) tim e: overvoltage may increase o r decrease with time ,
h) surface tension : no d e f in ite  re la tio n
i)  pressure  and a c id ity ; hydrogen overvoltage i s  independent 
o f ex te rn a l pressure and p ra c tic a lly  indej-iendent of the a c id ity  •
Hydrogen overvoltage i s  of g rea t importance in  electrochem ic^ 
a l  rea c ticn s  since w ithout i t  the  electrochem ical d isso lu tio n  of m etals 
would occur a t  very high ra te s  , Sane of the  known e le c tro ly t ic  p ro cess­
e s , such as the deposition  of Zn in  an acid  media, would no t take place 
because hydrogen would evolve p re fe re n tia l ly  .
Hydrogen D epolarization: Hydrogen evolution on a cathode
i s  c a lle d  hydrogen depo la riza tion  .
The hydrogen ion discliarge a t  the  cathode i s  given by the 
follcw ing general reac tion :
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211'*' + 2e -----
'IO'i\SHOV  ̂ 5 ) , a f te r  FRLTIKIl̂ , g ives the consecutive steps 
fo r  such a discharge in  acid  media:
a) d iffu s io n  of hydrated hydrogen ions -  hydronium ions -  
( o r ) to  tiie cathode •
b) discharge of the hydronium ions w ith the formation of 
adsorbed liydrogen atoms
Ĥ O + e _  + HgO
c) recombination of the liydrogen atoms
^ads "ads "2
d) d iffu s io n  of the hydrogen molecules o r atoms from the 
catliode o r the formation and detachment of hyrogen bubbles •
D issolu tion  of tlie e lec trodeposited  m etal, o r broadly speak­
ing corrosion  o f m etals, witli hydrogen evolu tion  a t  the  catliode may be 
( 5 )charac terized  by :
a) i f  d isso lu tio n  takes place in  concentrated a lk a li  o r 
concentrated acid th e re  i s  l i t t l e  dependence of the  d isso lu tio n  process 
on concentration  ^xilarization  •
b) witli the  i n i t i a l  cathode p o te n tia l  being dejiendent on 
the  a c id ity  -  or pll - ,  the  d isso lu tio n  process i s  g re a tly  dependent on 
a c id ity  -  o r pll -  ,
C) with the hydrogen overvoltage Iveing dependent upon the
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conpositon and s ta te  o f tiie catliode su rface , tlie d isso lu tio n  process i s  
g re a tly  dependent on the  catliode m ateria l #
One of tlie d isso lu tio n  processes Wiore the catliodic process 
i s  c o n s titu ted  almost e n tir e ly  by the  discharge and evolu tion  o f hydro­
gen i s  tlie d isso lu tio n  of Zn in  o r HCl • D issolu tion  w ill  be g rea t­
ly  acce lera ted  by the presence o f cathodic im purities th a t  laver appreciab­
ly  the  hydrogen overvoltage ,
E le c tro c a p illa ry  Phenomena
The re la tio n s  betvoen in te r f a c ia l ,p o te n t ia l ,  surface ten sion , 
and adsorption  are c a lle d  e le c tro c a p illa ry  phenonena •
In  order to  exp la in  these r e la tio n s , sp e c ia lly  when the 
system being inv estig a ted  contains su rface-ac tive  m olecules, i t  i s  
necessary to  understand tlie e le c tro c a p illa ry  phenomena •
V̂ hen charged c o llo id a l m atter i s  d ispersed  in  a given rædium, 
they c o n s titu te  an e le c tro ly te  system , Being so, th is  sytem must contain  
equ iva len t amounts o f opposite ly  charged ions in  o rder to  m aintain the  
condition  o f e le c tro n e u tra li ty  o f the system • Havever, the charged 
c o llo id a l species having, o f course, co llo id a l dimensions may have a n e t 
charge many times g re a te r  tlian th a t  of s inp le  monovalent ions •
Since tlie e le c tro ly t ic  system containing c o llo id a l m atter may 
have o ther ions, both of op^x>site and s im ila r charge to  th a t  o f the 
c o llo id a l spec ies, an excess of opposite charged ions must be p resen t in  
the  e le c tro ly te ,  in  the lo c a li ty  of each c o llo id a l p a r t ic le ,  according 
to  DEBYE-IIUCKEL tiieory, in  order to  assure e le c tro n e u tra li ty  of the
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system •
As a m atter o f d e f in itio n , tliose ions witli op]:x3site charge to  
th a t  o f the c o llo id a l species are ca lled  counter-ions; tliose with s im ila r 
charge are ca lled  co-ions ,
The e le c t r ic a l  Double Layer;  ̂  ̂ The d is tr ib u t io n  o f the
co û te r-ions and co-icns in  tlie lo c a li ty  of a charged surface immersed in  
a p o la r medium, and consequently the  e le c tr ic  p o te n tia l  t iia t  arose in  th is  
reg ion , i s  in te rp re te d  and explained by the e le c t r ic a l  double layer theory, 
Hiree d if fe re n t  views of tiie e le c t r ic a l  double layer were 
proposed, one almost complementing the o ther ,
The f i r s t ,  proposed by IISIi'IHOLTZ, assumes only e le c t ro s ta t ic  
fo rces being ac tiv e  in  the double layer ,
The second, proposed by GOUY and aiAPIlAT̂ , assumes th a t  thermal 
motion and e le c t ro s ta t ic  forces have a decisive  influence upon the ions 
located  in  the  liq u id  side  o f the double lay e r , The therm al motion and 
e le c t ro s ta t ic  forces together c rea te  a d iffu se  double lay e r , This theory 
has been developed m athem atically using the  MAX.̂ Œ'iLL-BOLTZI-lANI'] d is tr ib u tio n  
law and the POISSQI ecjuation ,
The th ird ,  proposed by STERN, includes adsorption as one of 
the decisive  fo rces ac tin g  on the ions in  the  liq u id  side  o f the  double 
lay e r , Thus, the STORN's p ic tu re  o f the double lay e r includes adsorption , 
therm al motion and e le c tro s ta t ic  forces ,
A ctually , tlie GTERM's model of tlie douijle layer introduces 
a  co rrec tion  fo r the f in i t e  size  of tlie ions in  the f i r s t  a ton ic  layer 
ad jacent to  the cliarged surface , Altiiough, s t i l l  a crude p ic tu re , the
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STERN tîieory g ives the b e s t model of the double lay er to  date • Hav- 
ever, a possib le  deformation of the adsorbed ions was no t considered by 
STERN ̂  \
Hie E le c tro ca p illa ry  Curvo; H iis curve expresses the re la tio n
bebveen tlie p o te n tia l  o f a m etal srurface and tiie su rface-tension  a t  a
m e ta l/e le c tro ly te  so lu tio n  in te rfa c e  •
Hie teciinique used to  obtain  an e le c tro c a p illa ry  curve fo r a
m etal o tiier than Ilg i s  very soph istica ted  and complex •
f 15 )According to  ANTIOPOV the e le c tro c a p illa ry  behaviour o f
so lu tic n s  a t  o th er m etal in te rfac e  can be deducted frcm tlie behaviour o i
mercury, i f  h is  concept of a scale  o f p o te n tia ls  i s  used . This concept
w ill  be discussed la t e r  •
( 22  )LIPPMANN , studying tlie in te ra c tio n  between su rface-
tension  and the drop of p o te n tia l  a t  a m ercu ry /e lec tro ly te  in te r fa c e ,
found tlia t the su rface-tension  of catliod ica lly  po larized  mercury f i r s t
in c reases , and tlien decreases again with increasing  negative p o te n tia ls ,
g iving a ^larabo lie  shaped curve »
In  o rd e r  to  understand th is  re la tio n sh ip  one must knav th a t
( 22 )the to ta l  su rface-tension  depends on two e ffe c ts  :
a) a t t r a c t iv e  van der V/alls forces on tlie surface atoms o r 
molecules which ac t con tàc tive ly  to  decrease thfâ su rface-area  ,
b) an e le c t r ic a l  contriiiu tion  to  the surface energy/, due to  
the repulsive  coulcmb force between fixed charges, which a c ts  to  increase 
tlie su rface-area , hence counteracts tlie van der U hlls fo rces ,
I f  wo are going to  cathodicly  p o la rize  the Hg su rface , i t s
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i n i t i a l l y  p o s itiv e  charge, no p o te n tia l  loeing app lied , w il l  decrease, 
increasing , tiie re fo re , the  su rface-tension  to  a maximum p o in t, '^ e re  the 
surface i s  uncliarged , This maximum i s  ca lled  e le c tro c a p illa ry  maximum, 
is o e le c tr ic  p o in t, e le c tro c a p illa ry  zero, o r p o in t of zero-diarge «
At t l i is  p o in t i t  i s  wortliwhile to  observe th a t ,  although, a t  
the maximum of the e le c tro c a p illa ry  curve the charge o f the  mercury 
surface i s  zero , the  p o te n tia l  d ifference  betiveen tlie mercury and the 
acjueous so lu tio n  i s  no t • Tiiis fa c t ,  as explained by FRUPKIN, i s  due to  
the presence of water d ipoles o rien ted  a t  the su rface , fo r c a p illa ry - in -  
ac tiv e  substances .
( 15 22 23 )An almost id e n tic a l curve i s  obtained '  ' when we p lo t
the life tim e  of the mercury drop ag a in st the p o te n tia l  o f tlie dropping -
Hg e lec tro d e , since the drop time i s  p roportional to  the  surface tension .
The Influence of Surface-Active Ions on the  E le c tro ca p illa ry
Curve; Several organic and inorganic ions are  adsorbed cn the surface of
mercury and, as a r e s u l t ,  lav e r the in te r fa c ia l- te n s io n  betoveen the m etal
surface and the so lu tion  , Therefore, the shape o f tlie e le c tro c a p illa ry
curve i s  a lte re d , and the  p o in t o f zero-diarge i s  sh if te d  ,
TTie new loca tion  of tlie e le c tro c a p illa ry  maximum w ill  depend
on tlie nature of the  substance p resen t , Thus, inorganic cations do no t
change the o r ig in a l p o sitio n  a t  a l l ,  v h ile  severa l anions s h i f t  markedly
th is  is o e le c tr ic  po in t , Anions such as bromide, th iocyanate, cyanide,
iod ine , and su lf id e  are increasing ly  c a p illa ry -a c tiv e  in  th is  order ,
Havever, anions such as n i t r a te ,  pe rch lo ra te , s u lfa te ,  carbonate, hydro-
( 22 )x id e , and phosphate liave no influence on the e le c tro c a p illa ry  curve ,
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The s h i f t  duo to  inorganic anions i s  tavard  higher negative
values of the  e le c tro c a p illa ry  maximum •
Organic ccnpounds may s h i f t  the maximum depending on th e i r
charges . For in s tan ce , organic cations w il l  s h i f t  the maximum to  le s s
negative values than organic anions • Organic n o n -e lec tro ly te s  may be
cap illary^-active, sh if t in g  o r no t the maximum but always lo^-^ring the
( 22  )su rface-ten sion  • As a m atter o f fa c t   ̂ a l l  organic ccnpounds loi^^r
the  su rfa œ -te n s ic n  a t  the maximum, v»iiile inorganic ccnpounds may decrease 
o r even s l ig h t ly  increase the  su rface-tension  a t  th is  p o in t •
Thermodynamics of the E le c tro ca p illa ry  Curve; As explained 
by DOLE  ̂ \  the  energy of an in te rfac e  i s  a function of the perform r
ance o f mechanical work, gain o r lo ss  of h e a t, and change in  in te r f a c ia l  
concentration  •
The mathematical exj-vression fo r th is  function i s  :
P P
dU = TdS + yd^ + Zw.dn. + ly .dn. ( 1 )
i l l  1 J ]
Wiere;
U = the  energy of tlie in te r f a c ia l  lay e r
S = the  entropy of the in te r f a c ia l  lay e r
il = the  surface area  of the  in te r f a c ia l  layer
= the  electrochem ical p o te n tia l  of an io n ic  c o n s tit  -
uent per mole, as defined below 
y  ̂ = tlie cliemical p o te n tia l o f a n e u tra l c o n s titu en t per 
mole
driĵ  = tlie change in  the number of moles o f an ion ic
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dyj = the change in  the  numlier of moles of a n eu tra l 
co n stitu en t in  the  in te r f a c ia l  layer 
p = rep resen ts tlie ion ic  co n stitu en ts  of the  system 
r  = represG t s  tlie n e u tra l c o n stitu en ts  o f tlie system 
Hie electrochem ical p o te n tia l  i s  defined by;
( 2 )
wnere;
in te rfa c e  •
Wiere;
= the a lgeb ra ic  valence o f the i ^  ion 
F = tlie Faraday constant 
ip = the  p o te n tia l  a t  the double layer 
At equilibrium  and jji  ̂ are the same on botli s ides of the
7 . . ( 3 )
Frcm equation ( 1 ) i t  i s  possib le  to  derive;
d v =  - £ d r  -  j r p ; . .  -  j r . d p .   ̂ ,
r = the surface concentartion , i . e . ,  moles divided by 
surface area
The terra i s  composed o f;
P _  P \  _  P"«
Zr . dy. = i r . dy!  + ZF.dy.
1 1
( 5 )
where the su b scrip ts  ( ')  and (") rep resen t the  m e ta llic  and acrueous phase.
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re sp e c tiv e lly  ,
Using the re la tio n s  ( 2 ) and ( 5 ) ,  equation ( 4 ) becomes;
G P * i  • p ' » t » p"" •'
dy   dT -  zr.dîir. -  Zz.FF.dip -  ZF.dy. -
« i l l  ^ 1 1  1 ^ ^
P  II II  II
-  Ez.Fr.d* -  i r , d p . ( 6 )
Assuming tlia t;
a) the boundary lin e  between the  two phases coincides w ith 
th a t  d iv id ing  tlie p o s itiv e  and negative d iarges in  the HELüIhOLTZ double 
lay e r •
b) the double lay e r i s  completely p o la rized , a c tin g  as a 
p e rfe c t condenser, i . e . , no cu rren t f la v  ,
Then;
I II
d(i|) -  ij, ) = -  dE ( 7 )
where;
E = the ex te rn a lly  applied  e .m .f.
ip = the  p o te n tia l  w ith in  the  double layer
Defining the charge d en sity  as;
o = zFF ( 8 )
we must have;
I II
a = a ( 9 )
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for the  electraiG utrality  of tiie system, cOid tlie double layer acting as a 
condenser • So equation ( 6 ) becones:
S P \  P"" r
dy =» -  — dT -  Zr.dy.  -  ZF.dy. -  ZF.dy. +
n 1 ^ ^  1 ^ ^  l ^ - " ^
I
+ adE ( 10 )
I f  the  system under study i s  a t  constant to p e r a tu r e ,  pressure 
and c o p o s i t io n  o f both phases, equation ( 10 ) becomes:
which i s  the  LIPPI4ANN-HEMI0LTZ equation • From th is  equation i t  i s  c le a r  
why the  charge on the  m etal side  o f the  double layer must be p o s itiv e  on 
the  anodic branch o f the  e le c tro c a p illa ry  curve, zero a t  the  maximum and 
nzgative on the cathodic branch •
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THE FACTORIAL DESIGN OF EXPERIMENTS
Numbers are, o f fundamental importance to  any research  . How­
ever, fa r  more im portant than the nuirjiers themselves i s  tlie question of 
hav s ig n if ic a n t are these numbers, o r Wiat confidence can the  researcher, 
or those viio follow him, have in  h is  work • The anaver to  these in q u ir ie s  
l i e  in  S ta t i s t i c s  •
A s t a t i s t i c a l  model in  planning and evaluating  research  i s  a 
valuable to o l, fo r i t  provides the researcher w ith a raatliematical explan­
a tio n  and accuracy o f the phenonena being in v es tig a ted  ,
In  order to  develop a s t a t i s t i c a l  model fo r the  study of the 
fa c to rs  under in v es tig a tio n  in  th is  th e s is ,  a f a c to r ia l  design was chosen 
fo r  i t  f i t s  very w ell the purpose of th is  study , Main e f fe c ts  as w ell as 
in te ra c tio n  e f fe c ts  could be investiga ted  and explained by means of th is  
model #
F i r s t  o f a l l ,  i t  i s  necessary to  e s ta b lis h  the fa c to rs  o f
in te r e s t  •
Frcm previous sec tio n s , saw th a t  the physical s tru c tu re  o f 
the deposit i s  a function of severa l fac to rs  • In  th is  research , zinc 
was deposited on aluminum, in  a c e l l  containing a su lfu r ic  acid  so lu tion  
of zinc su lphate , the anode being a platinum e le c tro d e . S urface-active
-28 -
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substaiiœ s were added to  the e le c tro ly te ,  and t l ie ir  e f f e c t  on the morpho­
logy o f the cathode observed •
Of the fac to rs  l is te d  in  a previous sec tio n , one, tlie ohmic 
fac to r  o f the e le c tro ly te  v /ill not be considered because o f tlie very high 
conductiv ity  of an acid  so lu tio n  of zinc su lphate; two of tliem, the  p u rity  
of the  e le c tro ly te  and the s tru c tu re  of the su b s tra te  m etal w il l  be 
in p l ic i t ly  taken in to  account, since tiiey a re  constant throughout the 
ejqxirimental procedures • T lierefore, we can express the dependence of 
the  physical s tru c tu re  o f the  e lec trodeposited  zinc by means o f an 
im p lic it  mathematical function:
PS = f (  H , Z , A , T , I  , V , R )
where:
PS = tlie physical s tru c tu re  o f the e le c tro d ep o s it
H = the a c id ity  o f the  so lu tion
Z = the s a l t  concentration of the e le c tro ly te
A = the add itive  concentration 
T = the bath terrpe ra tu re  
I  = the cu rren t-d en sity  
V = the amount o f a g ita tio n  
R = the e lec tro d ep o sitio n  time
In  order to  study on a system atic and s t a t i s t i c a l  b a s is  the 
physical s tru c tu re  of tlie e le c tro d ep o s it, i t  i s  convenient to  subdivide 
these process parameters in to  two p a r ts  , F i r s t ,  i s  th a t  concerning the
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amount of m ateria l a c tu a lly  being deposited ; tiie o ther i s  t lia t  concern­
ing the physical appearance o f the deposit. The former i s  a measurable 
q u an tity , the  l a t t e r  i s  a q u a li ta t iv e  expression ,
In  developing a s t a t i s t i c a l  model, however, we must consider 
the fac to r which has a measurable value , So, in  studying tiie physical 
s tru c tu re  o f tiie e lectrodeposited  z inc , we measured the mass a c tu a lly  
deposited on the cathode, and observed t t e  physical appearance o f the 
d ep o sit, as a function  of the seven fac to rs  already discussed , The mass 
values enables us to  jierform the mathematical model, and the observed 
physical a^ipearance gives us a way to  ccnpare the  surface deposits  caning 
from baths o f d if fe re n t co ipositions ,
The Hvo Level F a c to ria l Design
Tiie study of the seven fac to rs  i s  made betaveen tivo s ig n if ic a n t 
le v e ls , and tiie observations re su ltin g  from th is  v a ria tio n  are recorded , 
These le v e ls  cane fran  the tech n ica l data ava ilab le  in  the f ie ld  under 
in v es tig a tio n  , The chosen lev e ls  are  given in  Table 1 ,
I f  a f u l l  f a c to r ia l  design of the experim ents, with seven 
fa c to rs  each a t  two le v e l, were ca rried  o u t, we should have performed 
2^ = 128 treatm ents , fo r eadi c la ss  o f organic add itive  used , With
dup lica tion  to  determine the experinen tal e r ro r  involved the to ta l  number 
o f treatm ents would be doubled , This, o f course , was not fea s ib le  , 
Havever, since many of the treatm ents \^ re  ccncemed with 
in te ra c tio n s  h igher than second order -  which liave l i t t l e  ]:±iysical sign­
if ic an ce  - ,  a f ra c tio n a l- re p lic a tio n  of the ejgxiriments i s  possib le  w ith —
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out the lo ss  of any u se fu l inform ation • Thus, an e ig h th -re p lic a te  o f 
the o r ig in a l f a c to r ia l  design with seven fac to rs  was planned to  be used 
as a model ,
TABLE 1 -  The chosen lev e ls
Factor Lower le v e l Higher Level U nits
H 23.00 46,00 gpi
Z 35.91 71.89 gpi
A 0.00 0,01 % by weight
T 20 40 « c
I 30 150 A /s q ,f t .
V 50 70 % pow erstat
R 60 120 minutes
The E ightli-B eplicate
/ 25 )With the  e ig h th -re p lic a te  the o r ig in a l  128 treatm ents
are  reduced to  16 * With re p lic a tio n , to  a l i a ;  experim ental e r ro r  32 
treatm ents fo r  each c la ss  o f organic add itive  vere c a rr ie d  ou t •
Since th is  e ig h th -re p lic a te  i s  equ ivalen t to  a f u l l  f a c to r ia l  
o f four fa c to rs , the  confounded in te ra c tio n s  must be combinations o f the 
f i r s t  th ree  l e t t e r s  HZA with the l a s t  four l e t t e r s  TIVR giving no combin­
a tio n  of ^ y  th ree  l e t t e r s  •
The fo llav in g  se lec tio n  i s  optimum in  th is  resp ec t s in ce , 
a f te r  re je c tin g  the squared le t t e r s  obtained by m u ltip lic a tio n  o f the 
various l e t t e r s  and group of le t te r s ^  we do no t g e t any combination of 






A fter m u ltip lic a tio n  and re je c tio n  o f the  squared term s, the  
seven confounded in te ra c tio n s  a re ;
HTVR, ZTIR, HZIV, ATIV, HAIR, ZAVR, HZAT
The a l ia s  con figu ra tion , d ischarging in te ra c tio n s  h igher than 
second o rder a re ;
a) main effect;
H TVR ZIV AIR ZAT
Z TTR a HIV AVR a HAT
h TIV HIR ZVR HZT
T HVR ZIR ATV HZA
I ZTR HZV ATV HAR
V HTR = HZI = ATI ZAR
R HTV ZTI SS HAI ZAV
b) first order;
HZ =3' AT IV
HA ZT = IR
HT ZA a VR
HI 13 ZV AR
HV ZI = TR
HR AI TV
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ZR a AV = TI
c) second order
HAV = ZAI = IVR = ZTV = ATR = HTI = HZR
F in a lly , the  s ix teen  trea tiren ts  are  derived from a f u l l  fa c to r­
i a l  in  TIVR , They are  obtained frcm the m u ltip lie rs  (1), t ,  i ,  v , and r .
At th is  p o in t, i t  i s  w orth i^ ile  to  explain  th a t  in  f a c to r ia l
design , as a m atter o f ncmenclature, the treatm ents are  coded in  the  
follow ing way:
a) the l e t t e r  whiclr rep resen ts  the  fac to r appears in  i t s
lav e r case when the fac to r i s  a t  i t s  higher le v e l $
b) i t  does not appear a t  a l l  wlien the  fac to r i s  a t  i t s  lower
lev e l •
c) \-ten a l l  the fac to rs  are in  th e i r  la^^ r le v e l, then the  
code i s  (1) .
In  the se lec tio n  of the confounded in te ra c tio n s  H was a sso c ia t­
ed w ith TV and R, Z with TI and R, and A w ith TI and V • Therefore, from 
the tivo le v e l f a c to r ia l  theory , the f u l l  s e t  o f m u ltip lie rs  to  use fo r 
the fra c tio n a l f a c to r ia l  treatm ents i s  (1), h z a t, z a i , h t i  and hzr •
The f u l l  six teen  treatm ents in  standard order are given in  
the following page •
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a t iv  
, hzr 
a t r  
h a ir  
z t i r  
zavr 
h tv r 
iv r
h z a tiv r
Nav, since we need to  have the experim ental e r ro r  involved, 
we made a re p lic a tio n  of the s ix teen  treatm ents •
In  order to  avoid the  system atic e r ro r s ,  i . e . ,  those due to  
an e x is tin g  trend in  scœ  parameter throuc^iout tlie sequenœ of t r i a l s ,  
e .g . ,  o^xirator's s k i l l ,  r is in g  tem perature, d e te r io ra tio n  o f any used 
so lu tio n  o r equipment, a randomization of the  treatm ents must be done • 
H iis operation  i s  c a rried  out by using a tab le  o f Random Numbers ̂  I
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Thus a t  the randomized o rder, we. have, w ith d u p lica tio n , the 
o rder in  which the treatm ents must be done , Table 2 l i s t s  the  order and 
the  respec tive  experiments »





4 a t iv
5 hza t





11 z t i r
]2 z t i r
13 h tv r
14 iv r
15 (1)
16 h tv r
17 iv r
18 z tv
19 h z a tiv r
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continuation
20 hziv
21 a t r
22 hziv
23 hzat
24 a t r
25 h a ir
26 h t i
27 h t i




32 h z a tiv r
The o rig in a l 128 treatm ents are  l i s te d  in  Appendix 2 ,
T 1351
EX PER T^irrrA L EQUIPMFOT A im  PROCEDURE
This section  describes the design o f the  equipment and the 
procedures used in  carry ing  out th i s  research ,
Equipment
A plexyglass c e l l  containing tv^) p lexyglass e lec tro d e  ho lders, 
shown in  Figures 1 and 2 , was placed in  a constant tenperatu re  bath •
The e le c tro ly te  was a g ita ted  w ith a magnetic s t i r r e r  • The surface of 
the  constan t tem perature bath was covered by a lay e r o f isopor p ieces , in  
o rder to  avoid excessive evaporation o f the bath  w ater • This assembly 
i s  shown in  Figure 3 #
The c e l l  e lec tro d es were connected to  a po^-^r suply u n it  ( 
H arrison 6201B DC , Hewlett and Packard ) which once adjusted  to  a given 
value of c u rre n t, maintained a constant cu rren t-d en sity  • Ihe voltage 
drop across the  c e l l ,  measured from the cathode to  the  anode by means o f 
a d ig i ta l  vo ltm eter ( 3430 A , Hewlett and Packard ) ,  was recorded on a 
recorder ( Speedcmax Type G, Leeds and Northrup Co. ) .
The experim ental assembly i s  sham  in  Figures 4 , 5, and 6 ,
To ob tain  the  e le c tro c a p illa ry  curves a polarograph ( Itodel 
XV, Sargent & Co ) was used -  Figure 6 -  , The drop l i f e s  of the mercury 
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Figure 3 -  The e le c tro ly t ic  c e l l  and therm ostatic  bath
^  S i - ^  -
Figure 4 -  Side view of the therm ostatic  bath
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i 11
Figure 5 -  View of tlie con tro l panel fo r e le c tro ly s is
ii
Figure 6 -  ViŒv of the p o la ro g ra ^  used fo r the determ ination 
of the e le c tro c a p illa ry  curves
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Procedure
In  the f i r s t  p a r t  o f th i s  work a study o f various ccmmercial­
ly  ava ilab le  su rface -ac tive  agents was c a rried  o u t, in  o rder to  choose 
those ad d itiv es  th a t  re su lte d  in  a  deposit possesing b e s t morphological 
p ro p e rtie s  • In  the second p a r t ,  a study o f tlie e f fe c ts  o f a c id ity , s a l t  
co n œ n tra tic n , add itive  concen tra tion , tem perature o f the  so lu tio n , 
cu rren t-d en sity , ra te  o f a g ita t io n , and length  o f e lec tro d ep o sitio n , fo r 
the th ree  c la sses  o f organic ad d itiv es  was ca rried  out «
F in a lly , a study o f the  re la tio n sh ip  between the adsorption 
behaviour o f the  organic on the e lec trode  su rface , the  i /a r ia t io n  of 
su rface-ten sion  o f the m e ta l/e le c tro ly te  in te rfa c e , and the e le c t r ic a l  
p o te n tia l  drop of the  m e ta llic  surface was conducted fo r  each se lec ted  
organic ad d itiv e  d isso lved  in  a 1 N H^SO  ̂ so lu tio n  •
Choice o f M d itiv e s
"hventy fiv e  carm ercial su rface-ac tive  agents were chosen, a t  
random, and te s te d  in  the prev iously  described e le c t ro ly t ic  œ i l  , These 
substances a re  l is te d  in  Table 4 .
A ll the fa c to rs  in fluencing  tlie physical s tru c tu re  o f the 
deposit \Jere kept a t  th e i r  lav e r le v e l, except the add itive  concentration  
vhich was a t  i t s  h igher lev e l • A fter allowing one hour time fo r  the 
e le c tro d ep o s itio n , the cathodes v^re rin sed  with d i s t i l l e d  water and 
dryed fo r 24 hours • They were then reweighted and the  ca th o d e-e ffic ien c- 
ie s  were recorded as a function of the p a r t ic u la r  add itive  used •
Hie ca th o d e-e ffic ien c ie s  together with the physical appear^ 
ances o f the catliode surfaces were the c r i t e r i a  used in  choosing the
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rep re sen ta tiv e  su rfa c ta n t fo r  each groip •
irocedure fo r the Study of the Seven F ac to rs; According to  the
s t a t i s t i c a l  model described in  a previous sec tio n , tlie d if fe re n t  t r e a t  -
/
ments were conducted in  tliree successive stages •
Electrode Preparation; A 2 1/2 " by 1 3/4 " s ta r t in g  sheet o f 
high p u rity  aluminum f o i l  was degreased with iso p ro p ilic  alcohol and cover­
ed on both sides witli an e le c tro ly tic  tape • A square opening o f 1/100 
s q . f t .  area was cu t on one side  o f the tape providing an exposed e le c tro ­
de surface • The s ize  of the opening was kept constan t in  a l l  experiiæ nts 
giving a constan t area  of depositicn  . Hie exposed aluminum area was wash- 
ed with acetone, a f te r  vAiich tlie e lectrode  was innersed in  co ld , d ilu te  
su lfu r ic  ac id , dipped in  ho t IN so lu tion  and, f in a l ly ,  rin sed  with
d i s t i l l e d  w ater .
The cathodes were dryed and weighted .
A fter e le c tro d ep o s itio n , a 24-hour drying period was a l la æ d  
fo r  eacli cathode before weighing .
Platinum was used as an anode • Hie degreasing and cleaning 
operations described above were performed on the platinum  anode as w ell .
Anodes and cathodes were placed in  the e lec tro d e  ho lders , 
shavn in  Figure 2, and sealed to  the  plexyglass surface by means o f a 
stopcock grease .
Solution Preparation; Peagent grade seven-hydrated-zinc 
sulphate and su lfu r ic  acid  wore used to  make up so lu tio ns of 0.5 -  l.ON, 
and 1.0 -  2 .ON, re sp e c tiv e lly  . Hiese so lu tions were sto red  fo r  no more
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than four days, in  order to  assure th e i r  freshness #
Data AccTuisition; A fter a l l  tlie treatm ents were ccnpleted , 
t l ie ir  c a th o d e -e ff ic ie n c is , i . e . ,  the amount o f zinc a c tu a lly  deposited 
divided by the amount o f zinc th e o re tic a lly  p red ic ted  frcm Faraday* s law, 
v;ere obtained and a d ig i ta l  ccmputer program was designed to  ca lcu la te  
the s t a t i s t i c a l  consistency and sign ificance  o f the obtained re s u l ts  •
A l i s t in g  o f the program in  Basic language i s  given in  Appendix 3 •
The data  were processed ay a G eneral-E lectric  Time-Sharing ccrpu ter •
The inpu t da ta  \^ferei
a) the square d iffe rence  beta-^en re s u l ts  o f each treatm ent,
fo r computing the s t a t i s t i c a l  consistency •
b) the sum of the r e s u l ts  obtained o f each trea tm en t, the 
degrees o f freedom o f the experiment and the variance of the  experiment 
fo r  co ïputing  the s t a t i s t i c a l  s ign ificance  •
The output were:
a) the r a t io  of two v a ria n œ s, i . e . , the F - ra t io , fo r  the 
s t a t i s t i c a l  consistency «
b) the  standardized d ev ia te , i . e . ,  the t-v a lu e s , fo r the 
s t a t i s t i c a l  s ig n ifican ce  •
Procedures fo r the S le c tro c a p illa ry  Study: For th is  study,
h ig h -p u rity , t r ip l e - d i s t i l l e d  mercury was placed in  a re se rv o ir  and 
connected to  a g lass  c a p illa ry  by means of a rubber tube • A ll t l ^  a i r  
was drained frcm the rubber-tube, assuring th a t  ju s t  mercur^^ f i l l e d  both 
tlie tube and tlie c a p illa ry  .
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The so lu tions stud ied  v^re:
a) a 1 N Ĥ SÔ  so lu tion
b) a 1 M so lu tion  p lus a c a tio n ic  su rfa c tan t
c) a 1 N so lu tio n  p lus a anionic su rfa c tan t
d) a 1 N s o lu t ia i  plus a non-icn ic  su rfa c tan t
Hiey were p laced, one a t  a tim e, in  a p o la ro g r^ h ic  c e l l  ,
The t ip  o f the a x i l l a r y  tube was iitmersed in  the so lu tio n  and a po ten t­
i a l  was applied  to  the mercury surface •
The drop l i f e s  were obtained by means o f a stop-watch fo r 
each applied  p o te n tia l  •
Witdi the  obtained drop l i f e  time and ^ p l i e d  p o te n t ia l ,  the 
e le c tro c a p illa ry  curves were obtained and analysed, using AITTROPW s 




The experiiren tal r e s u l ts  of th is  research  are divided in to  
th ree  c a teg o rie s , namely, choice o f tlie rep resen ta tiv e  su rface-ac tive  
agent, the f a c to r ia l  design of the organic add itive  experim ents, and the 
e le c tro c a p illa ry  curves •
Qioioe o f the R epresentative Surface-Active Agent
This study was c a rr ied  out keeping a l l  the in fluencing  fac to rs  
a t  th e i r  lo i^ r  le v e ls , except the add itive  concentration  ,
Table 3 gives the used lev e ls  fo r  each fa c to r  •
TABLE 3 -  Levels o f the process param eters fo r  the d io ise  of 
rep resen ta tiv e  su rface -ac tiv e  reagents •
Factor H Z A T I  V R
Level 23,00 35,91 0,01 20 30 50 60
Units gpl gp l % ®C A /S q .ft, % mim.
Table 4 summarizes the re s u lts  olitained
—46—
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TABLE 4 -  Choiœ of Surface Active Agent -  Surrmary o f the 
Results
Carmercial Cathode Additive I n i t i a l
Rame
% . ■' 
Efficiency Class Voltage
l'ïone used 96,50 - 4,10
Ethoquad C/12 12,41 c a tio n ic 4.20
Ethoquad C/25 1.74 c a tio n ic 4,09
Ethoducmeen T/25 0.65 c a tio n ic 4,07
Ethoduomsen T/13 4,35 c a tio n ic 4,02
Ethcmeen S/15 8.00 c a tio n ic 4.03
Arquad T/50 8.25 c a tio n ic 4,02
Armac T 56.32 c a tio n ic 4.00
Armac C 22,78 c a tio n ic 4.04
Aerosol C-61 1,00 c a tio n ic 3,97
PC -  134 49,83 c a tio n ic 4.10
PC -  128 75,95 anionic 3.88
PC -  95 71,00 anionic 3.82
PC -  98 69,90 anionic 3.86
Separan AP-30 73,80 anionic 3.78
Teo Fat 8 75,70 anionic 3.85
Neo Fat 18 74,00 anionic 3.90
Superfloe 16 57,00 nan-ion ic 3,83
Superfloe 127 48,60 non-ionic 3,83
Ethofat 0/20 42,60 non-ionic 3.84
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TABLE 4 -  ( Continued )
Ccrnrærcial Catliode
O.
Additive I n i t i a l
Name Efficiency Class Voltage
Scparn MGL 47.00 non-ionic 3,85
Separan N r-20 41.00 non-ionic 3,82
Sep'iran Nr-10 41.50 non-ionic 3,77
Amieen Z 41,30 anuiioteric 3.88
The chosen add itives \jero IT -134, 3T-95, and SUPEIFLOC 127 
as rep resen ta tiv es of tlie c a tio n ic , an ion ic , and non-ionic c la s s , resp ec t — 
iv e l .y  . The reasons fo r diosing the above add itives are  given in  next 
sec tion  .
The F a c to ria l Design of the Experiments
Follaving the two lev e l fa c to r ia l  design developed fo r tliis  
resea rch , tlie re s u l ts  l i s te d  in  Tallies 5, 6, 7, and 8 were obtained ,
Tlie re s u lts  obtained a t  tlie lov^ir lev e l of tlic additive  
concentration are given in  Table 5 , Tali le  6 gives tlie treatm ents fo r 
tile c a tio n ic  add itive  , Table 7 tlie treatm ents fo r the anionic add itive  
and, f in a l ly ,  Table 8 fo r tlie non-ionic add itive  •
A ll the treatm ents are l is te d  in  the randomized order in  whidi 
they were c a rried  out ,
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TABLE 5 -  Treatrrents with tlie add itive  concentra tion  a t  i t s  
lower lev e l ,
Treatment Zn Dej:X3sited Cathode F a c to ria l
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zai Vo= 7,00VVf= 5,62V
h z a tiv r Vo=Vf=
4,92V
4,39V






a t r Vœ 3,56VVf= 3,36V
h a ir Vo=Vf=
5,22 V
4,72V





















































































































Using the polarogrph described in  a previous sec tio n , the 
drcp times of mercury ag a in st the applied e le c t r ic a l  p o te n tia l on the 
mercury surface were recorded «
Tlie range o f applied p o te n tia l was from 0 to  -2 v o l ts ,  
measured aga in st an in te rn a l standard c e l l  o f the p o la ro g ra ^  • The 
drop tim es were measured th ree  t in e s  fo r each p a r t ic u la r  applied 
p o te n tia l  and the average o f the th ree  readings was taken as the most 
probable value
Hie mercury head was 89 cm, measured frcm the labora to ry  
tab le  to  the  mercury surface in  the re se rv o ir  .
Taille 9 summarizes tlie r e s u lts  obtained •
-53—
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TABLE 9 -  Drop Time of Hg-clrop /g a in s t  tlie Applied 




Time in  seconds 
« 2 ^ 4  T' ,
+ c a tio n ic  add.





0 6.00 6,00 5,90 6,00
0.10 6.62 6,62 6,30 6,62
0.20 7.16 7,16 6.85 7,16
0.30 7.64 7.64 7,30 7,54
0.40 8,00 7,90 7.69 7.80
0.50 8.31 8,11 7,91 8,10
0,60 8.46 8,20 8,11 8.10
0,64 8,50 8,22 8,14 8,10
0.68 8.55 8,25 8,20 8,10
0.70 8.57 8.26 8.25 8.10
0,72 8.60 8.27 8,26 8.10
0.76 8.61 8,25 8,29 8,10
0.80 8.65 8,22 8,30 8,10
0.90 8,55 8,15 8,31 8.10
1.00 8,41 8,10 8,29 8.10
1,10 8,29 7,94 3,25. 8,10
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Hie re s u l ts  obtained w ill be discussed under the  following 
th ree  headings:
a) clioice of add itive
b) f a c to r ia l  design of experiments
c) e le c tro c a p illa ry  curves
The Choice o f R epresentative Additive
Frcm tlie experim ental r e s u l ts  sham  in  Table 4, i t  can be 
seen th a t  scne o f the ad d itiv es  in h ib i t  to  a c e r ta in  extend the e le c tro  
deposition  o f zinc • Although a l l  the  treatm ents loim r the  cathode- 
e f  f ic ien cy , treatm ents using the FC -  134, FC -  95, and SUPERFLOC -  127 
ad d itiv es  gave reasonable ca th o d e-c ffic ien c ies  w ith in  th e i r  am  groups, 
and the b e s t physical structuire o f the  deposited surfaces •
The s tru c tu re s  o f sane surfaces are shown in  Figures 7 , 8," 
and 9 • The c u rre n t-e f f ic ie n c ie s  obtained with tlie chosen su rfac tan ts  
a re  given in  Table 10, as im ll as tlie chemical group to  whicli they be -  
long and th e i r  foam heigh ts •
I t  can be seen frcm the figu res th a t  the surface obtained 
with ad d itiv es  FC -  134, FC -  95, and SUPERFLDC 127 ( Figures 7 f, 8 f,
—56—
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and 9f ) liavû a smoother eind more dense surface deposit tiian those o b ta in ­
ed witii tlie o th e r add itives • T iieir c u rre n t-e ff ic ie n c ie s  are given in  
Tal:le 10, and i f  carpared to  those given in  Table 4, we see t i ia t  these 
c u rre n t-e ff ic ie n c ie s  are not n ecessa rily  tlie h ig liest in  th e i r  respec tive  
groups • However, tlie se a d d itiv e s , namely, IT -  134, FC -  95, and SUPER — 
FLOC 127 , were chosen as rep resen ta tiv e  o f tlie c a tio n ic , an ion ic , and 
non-ionic group, re sp ec tiv e ly , because o f the e f f e c t  tliey have on the 
morphology of the d ep o sit, as discussed belav ,
TAI3LE 10 -  Summary o f the  chosen rep resen ta tiv e  ad d itiv es
Additive Brand Cathode Chemical Foam Height










Figure 7a shavs the  surface obtained using AI3QUAD T as the 
ad d itiv e ; the  catliode-efficiency i s  low -  see Table 4 - ,  and the de;x)sit -  
ion o f zinc i s  hindered , The sairo conclusions can be drawn from figu res 
7b, 7c, and 7d \\^iich show surfaces coming frcm a bath using ETHOQUAD C/2ÿ 
ETHODUQIEEN T/15, and ETHOQUAD C/25 as ad d itiv e , re sp ec tiv e ly  , Figure 
7e sha ;s  the catliodic surface of a bath using AKIAC T , The cathode- 
e ff ic ie n c y  was f a i r ly  good -  see Table 4 -  and the surface obtained was 
dense, altliough scmewhat rouglier than tlie surface shown in  Figure 7f,i\^iich
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was obtained v/itii FC-134, the rep resen ta tiv e  ad d itiv e  fo r tdie ca tio n ic  
group ,
The surface shown in  Figure 8a was obtained w ith SEPARAN AP-30 . 
The cathode surface i s  smcxitli, altiiougli scxoev/hat jx>rous and presen ts no 
b righ tness • Figure 8b shows a b r i t t l e  catliode surface ; i t  was ob tain­
ed using FC-98 as the add itive  • Figure 8c i s  a surface obtained using 
NEOFAT 8 ; i t  i s  b r i t t l e  and sliavs signs of shrinkage , The surface 
sha^n in  Figure 8d i s  very th in  coated and v/as produced using NEOFAT 18 • 
Figure 8e sha /s  a b r i t t l e  and slirinking surface obtained using FC-128 as 
the add itive  • F in a lly , fo r tiie anionic group, the surface sham  in  
Figure 8 f, obtained with the rep resen ta tive  additi^ve, FC-95, i s  b rig h t, 
smooth and dense •
Figure 9a shows a catliode obtained wiidi FC-170 as tlie add itive ; 
i t  i s  a burn t cind b r i t t l e  deposit cind the cathode-effic iency  i s  low •
Figure 9b shows a deposit obtained vdLth SEPARAN Î1GL • This deposit i s  
smooth and dense, le s s  b rig h t, tlian any of the surfaces obtained with the 
non-icnic  ad d itiv es • Figure 9c shows a catiiode obtained frcm a bath 
using SEPARAN IlP-20; i t  i s  a b r i t t l e  and s l ig h tly  bu rn t surface • Figure 
9d sho^vs a m eta llic  b r ig h t surface obtained with SUPERFLOC 16 which, how­
ever, i s  very b r i t t l e  , Figure 9e, SEPARAN NP-10, sha^s a very b rig h t 
surface , Ha-^ever, i t  has tlie disadvantage of being b r i t t l e  and having 
a tendency to  shrink and f a l l  o ff  the s ta r t in g  sheet • F in a lly , Figure 
9 f sham  tlie surface obtained witli t i e  cliosen rep resen ta tiv e  add itive  fo r 
t i e  non-ionic c la s s , SUPERFLOC 127 , I t  i s  a b r ig h t m e ta llic , smootii and 
dense de%x)sit •
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a) AROUAD T ETHOQUAD C/15 ETHODUO.'EEH T/15
d ) ETHOQUAD C/25 e)ARMAC T f)FC-134
Figure 7 -  The Surfaces Obtained Using Various C ationic
Additives ( 1?X )
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a) SEPARAN AP-30 b) FC-98 c) NEOFAT 8
d) NEOFAT 18 e)FC -  128 f) FC -  95
Figvire 8 -  Thq Various Surfaces Obtained Using D ifferen t
Amionic A dditives ( IJX )
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I '
a) F C - 1 7 0 b) SEPARAN MGL c) SEPARAN HP -  20
d) SUPERFLOC 16 e) SEPARAN HP - 10 f )  SUPERFLOC 127
Figure 9 -  Tlie Surfaces Obtained Using Various I on-Ionic
A dditives ( 15X )
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From thG photographs shov;n in  Figures 7 f , 8 f, and 9 f, we can
see th a t  a l l  tiie th ree  su rfaces are b u i l t  up o f fin e  grain  s izes  , On the
"ca ticn ic"  surface we observe sone p i t t in g  and cracdcs pro):ably due to  the
hydrogen evolu tion  • The "anicnic" surface i s  tlie roughest of tiie th re e ,
shading g ra in  s iz e  b igger than the otiier two surfaces • Ihc "non-ionic"
surface i s  the smoothest o f the th ree  .
P roperties  of the Chosen A dditives; The chemical s tru c tu re
of the  FLUORAD su rfa c ta n ts , the  PC -  134 and PC -  95, i s  charac terized
by a s ta b le  fluorocarlx)n t a i l  and a so lu b iliz in g  group Z , Tne nature
(27 28 )of Z i s  not d isc losed  ' , although i t  can be an an ion ic, c a tio n ic  o r
non-ionic group • The fluorocarbon t a i l  brings to  these su rfa c tan ts  very 
good re s is tan ce  to  tiierm al, chem ical, e le c t r ic a l  and b io lo g ic a l a ttack  
w ith good re s is tan c e  to  ra d ia tio n  , This t a i l  pose®ess a very lav  so lub ­
i l i t y  in  both aqueous and organic systems, as w ell as an extremely lav  
surface-energy •
The SUPEPPLOC 127 flocculant^^^^ i s  the  h ig h est molecular 
v^ igh t p lyacry lamine of the SUPERFTjOC se r ie s  • I t  i s  e s s e n t ia lly  non- 
ion ic  in  n a tu re , g iving m icelles formation a t  lav  concentrations •
Figures 10 and 11 shov tiie e f fe c t  o f those ad d itiv es on the
su rface-ten sion  o f d i s t i l l e d  water and an IhSO. so lu tion  •2 4
I t  can be seen from tiiese figu res th a t  in  a l l  cases an 












concentration of su rfa c ta n t, v;gt %
Figure 10 -  Effect o f tlie Chosen M d itiv es  on the Surface-
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SUrn^FLOC 127 ( lOSi^SO. )
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concentration of su rfa c ta n t, wgt %
Figure 11 -  I f f e c t  o f the Chosen A dditives on the Surface-
Tension o f  a so lu tion  o f
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F a c to ria l Design of Expsrin-ents
ivitii the cathodG-efficienciGs given in  Tables 5, 6, 7, and 
8, Table 11 summarises these r e s u l ts  in  the standard order recjuired by 
the an a ly sis  of consistency and sign ificance  o f the r e s u lts  •
The an a ly sis  o f s t a t i s t i c a l  consistency and sign ificance  
of an experiment i s  o f paramount importance, since one can assess the 
rep ro d u c ib ility  of the experim ental re s u lts  . One must kno-; i f  the 
ind iv idua l v a r ia t ia i  around the mean value i s  not large  enough to  
in v a lid a te  tiie conclusions coming from the re s u l ts  obtained •
This knavledge i s  given by the analysis  o f consistency of 
the  experiment , S ta t i s t i c a l  consistency i s  measured by c a lcu la tin g  
the standard d e v ia tio is  of the r e s u l ts  about t l ie ir  mean .
S ig n if ic an t d iffe ren ces in  standard dev iations are detected 
by means of the F -ra tio  • Taille 12 sha-/s the F -ra tio s  obtained fran  
the analysis  o f consistency fo r th e  c a tio n ic , an ion ic , and non-ionic 
add itive  ex^xsriments, as they cone from tiie computer ca lcu la tio n s 
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From til F -ra tio s  given in  Table 12 and since each of the 
e ig h t ind iv idual con tribu tions to  each estim ate i s  based upon t\vo 
observations, hence one degree of freedom, there  are e ig h t degrees of 
freedom fo r the experiment •
Using a Table o f p ro b ab ility  po in ts o f the  variance r a t io ,
i . e . ,  tiie F - ra tio , with e ig h t degrees of freedom, we g e t/^ ^ '^ ^ ^ :
TABLE 13 -  P ro b ab ility  Points of the Variance Ratio





Tlie ana ly sis  of consistency i s  ca rried  out conparing the 
values obtained in  Table 12 witli tiiose l is te d  in  Table 13 . The F -  
r a t io s  fo r the p ro b a b ility  po in ts higher tlian 10 % are not s ig n if ic a n tj  
th e re fo re , estim ates of the same variance .
On tiie o tlier hand, i f  tlie variance estim ates obtained a t  
one lev e l o f some fac to r are  s ig n if ic a n tly  higher tlian those obtained 
a t  the lav e r le v e l, the F -ra tio  w il l  be s ig n if ic a n t ,  i . e . ,  the  increase 
o r decrease of t l i is  fa c to r  lev e l w ill  s ig n if ic a n tly  a f fe c t  tlie consistency 
of tlie cathode-officiency value obtained and ,th e refo re , i t s  p ro b ab ility  
o f occurring by cliance i s  very small .
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Examining Table 12 and 13, we can sec th a t  the F -ra tio s  
ly ing  w ith in  the range of p ro b ab ility  po in ts o f Table 13 a re :
TABIE 14 -  Factors wiiich S ig n ifican tly  A lter the S ta t i s t i c a l  
Consistency of the Results
Type of Additive 
C ationic Anionic Non -  Icaiic
IR IR HZ AR
2.5% . 5,0% 2.5% 5,0%
Hiese re s u l ts  show th a t  the variance does -vary w ith in  the 
lev e ls  o f the  fac to rs  l i s te d  in  Table 14 . However, as explained in  
s t a t i s t i c a l  theory^ 25,26 )  ̂ F t e s t  i s  very " robust" , i . e . ,  i t  i s  
not se rio u sly  invalida ted  by moderate amounts of variance iniiomogeneity ,
One way o f solving such a problem i s  to  transform  a l l  the 
experim ental re s u l ts  in to  th e i r  logarithm s and again carry  out the  
consistency ana ly sis  , I f  the new obtained values of the F -ra tio s  are 
not s ig n if ic a n t ,  tiie variances are homogeneous and tlie analy sis  i s  
v a lid  .
i^pendix 4 show such a ca lcu la tio n  fo r the th ree  s e ts  of 
organic ad d itiv es  , From these ca lcu la tio n s  we can consider Table 14 
as meaningless and, th e re fo re , tiie variances w ithin the treatm ents
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are  hamogeneouiî, fo r  a given add itive  ,
Having determined the e ffe c ts  of the  fa c to r  lev e ls  on tl"ke 
homogeneity of variance , we can analyse tiie s t a t i s t i c a l  s ign ificance  
of tiie r e s u l ts  « This analysis i s  based on the homogeneity o f the 
variance , already d iscussed , and can be done once th is  homogeneity i s  
assured ,
As s ta te d  e a r l ie r ,  32 treatm ents ivere performed in  order 
to  provide us w ith an inde^Dendent estim ate o f e r ro r  •
A ctually , s ix teen  treatm ents with two observations in  each 
liaving one degree of freedom vere compared • Tiie to ta l  number of 
degrees of freedom i s ,  th e re fo re , 16 .
Table 15 show the value of tiie mean d ifference  and t  -  the
standardized dev ia te  -  fo r  the tiiree se ts  of experiments performed, i , e ,
?
using c a tio n ic , an ion ic, and non -  io n ic  organic ccrapounds •
This ta b le  in d ica te s  the p ro b ab ility  o f the data being 
meaningless , I f  th is  p ro b ab ility  i s  sm all, we accept the  data  as ixïing 
s ig n if ic a n t  •
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TABLG 15 -  S ta t i s t i c a l  S ignificance of the Experimental 
Results
Main Moan D ifference t
E ffec t Cationic Anionic Non-Ionic Cationic Anionic NOn-Ion:
122.23 147,53 124,79
T 4.53 -2.56 -3.86 3.60 1.61 2,92
I -10,40 -3.12 4,25 8.25 2.12 3,20
TI 7,96 3,63 4,41 6,30 2.28 3,32
V 5,02 0,68 1,46 3.80 0.42 1,10
HR -14.30 -7.02 0,35 11.25 4.41 0,26
HZ 10,61 3,52 2.22 8.45 2.21 1.67
A -27,65 -2.34 -25.00 22.00 1.47 18,80
R 4,94 -3,14 0,63 3.92 1.97 0.47
TR -7,43 -1.33 0,40 5.90 0.84 0,30
IR 9,79 5.97 -2.44 7.75 3.75 1.83
Z 15,57 20.24 20,62 12.35 12.70 15,50
HT -7 • 46 -2.78 -2.41 5.92 1.75 1,81
H -3.46 -7,27 -15,68 2.75 4.55 11.18
HZR -4.19 1.91 3,64 3,32 1.19 2,74
AR 8.00 -7 ,81 3.70 6.35 7.81 2.78
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Using 16 degrees of frcodom^ as explained befo re , w ith the 
t -d is tr ib u t io n  ( double-sided ) the percentage po in ts o f the  t - d is t r ib u t ' 
ion are given by Table 16  ̂ ^ :
TAI3LC 16 -  Percentage Poin ts o f tlie t -d is tr ib u t io n  
16 Degrees o f P ro b ab ility
Freedom 50 25 10 5 2.5 1 0,5
t  0.690 1.19 1.75 2.12 2.47 2.92 3.29
Thus, from Talole 16, the  value fo r 95 % sig n ifican ce  i s  
t  = 2.12 , H ierefore, only e f fe c ts  witii t  g rea te r than 2.12 are  sign­
i f ic a n t  a t  5 % lev e l , Corrparing th is  value of t  witdi the values of 
t  obtained in  Table 15, we find  th a t  a l l  treatm ents fo r tlie c a tio n ic  
group are s ig n if ic a n t , while fo r the anionic and non-ionic groups some 
of the  treatm ents are  and some are  no t s ig n if ic a n t  a t  th is  lev e l ,
Tlierefore, in  d iscussing  the e ffe c ts  of the various fac to rs  
upon the e le c tro d ep o s it -  as a function of the p a r t ic u la r  add itive  used -  
we must take in to  account ju s t  those e ffe c ts  which are  s ig n if ic a n t , i . e . ,  
those whose occurrence by cliance i s  improbable ,
Studying Table 15 ,̂ve acn draw the fo llav in g  conclusions 
about the  main e f fe c ts :
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TAI3IE 17 -  Influence of the Main E ffec ts
/
Main E ffe c t Additive Groups
C a t i o n i c A n io n ic N o n - I o n ic
T tT  =tcE NS i  T =1CE
I t l  =fCE i l  =tcE t l  =tCE
V |V  =tCE NS NS
A ^A =tCE NS kA =fCE
R tR  =tCE NS NS
Z t z  =1CE t z iZ =tCE
H Vll =1CE il l  =tCE ill =tCE
ivhere:
t  = increases 
k = decreases 
Œ  = cathode-effic iency  
NS = not s ig n if ic a tiv e
Looking a t  the above tab le  i t  Ccin be seen th a t  fo r a l l  tiiree 
ad d itiv e  groups increasing  the s a l t  concentration and decreasing tiie acid  
concentration  w ill  increase tlie catiiode-efficiency  «
The fa c t  th a t  tiie increasing  s a l t  concentration  w ill  increase
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tliG cathode-cffic iency  i s  re la te d  to  the discharge of zinc ions in  the  
v ic in i ty  of the e lec trode  surface • With a g rea te r  s a l t  concentration 
more Zn ions w ill  be availal^le a t  the catiiode surface . On the o ther 
hand,decreasing the hydrogen concentra tion , the phenomenon of hydrogen 
d epo lariza tion  tends to  be le s s  s e n s it iv e , giving a more favourable 
condition  fo r the deposition  of the zinc species •
An in te re s tin g  f a c t  caning fran  Table 16 i s  th a t  increasing  
tiie cu rren t-d cn sity  w il l  a c tu a lly  increase the catiiode-efficiency  with 
tiie add ition  o f tiie non-ionic compound • A possib le  explanation fo r  
t i i is  fa c t  i s  th a t since hydrogen overvoltage strong ly  depends on the 
nature o f the so lvent and, thus, on the presence o f organic agents, tiie 
non-ionic compound in  being adsorbed on the cathode surface w il l  a l t e r  
the e ffe c tiv e  cathode p o te n tia l  to  more negative value, increasing , 
th e re fo re , tlie hydrogen overvoltage and c rea tin g  a b e tte r  condition  fo r 
the Zn ions to  deposit .
Although fo r  the anionic treatm ents the  ad d itiv e  co n cen tra t­
ion was no t s ig n if ic a n t a t  a l l ,  fo r  the  c a tio n ic  and non-ionic species 
i t  showed a very higii s ign ificance  • Ihus, concentrations le ss  than 
0,01 % by weight are recommended, as tiiey increase  the  cathode-efficier>c — 
ie s  • This fa c t  w il l  be discussed la t e r  •
Tlie e f f e c t  o f tenperatu re  i s  q u ite  co n tro v ersia l • An in c re a s­
ing teigperature increases the  cathode-effic iency  fo r the  ca tio n ic  a d d itiv e , 
decreases the catiiode-efficiency  fo r the  non-ionic ad d itiv e  eind lias no 
e f f e c t  a t  a l l  fo r tiie anionic species , I t  i s  kna.vn from l i te r a tu r e  th a t
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an increase  in  tei'-peratuini increases tlie ion ic  m obility  of the species, ' 
causing a veiy narked increase in  g rain  s iz e , and decreases the su rface- 
tension  of tiie e le c tro ly te  /  e lec trode  in te rface  • Using the Le C ha te lie r 
p r in c ip le , the organic species must be desorbed from the cathode surface 
in  o rder to  balance tliis  decrease in  tlie su rface-tension  « On tlie o ther 
hand, large  grain  s ize  ne ans a rough cathode surface and, th e re fo re , the 
c r ia tio n  of a favourable condition fo r  tlie d isso lu tio n  of the deposited 
m etal species • Thus, due to  the  e f f e c t  o f temperature on the  g ra in  s ize  
of the d ep o sit, the organic species would tend to  be adsorbed on the 
catiiode in  order to  prevent excessive d en d ritic  growth and d isso lu tio n  
of the e lectrodeposited  metal species and, a t  sane tim e, due to  the e f fe c t  
th a t  tem pérature lias on tlie surface-tension  would tend to  be desorbed from 
tiie catiiodic surface .
Havever, as pointed ou t in  tlie e le c tro c a p illa ry  s tu d ies  
sec tio n , when tiiere e x is ts  a tendency to  d isso lu tio n  of tlie deposited 
m etal species occurs tiie ca tio n ic  add itive  w ill  be adsorbed to  a le s s  
extend than the non-ionic ccnpound . having, th e re fo re , le s s  tendency to  
be adsorbed cind because of tlie e f f e c t  of tem perature on su rface-ten sion , 
being forced to  desorli from the cathode, an increase in  tenperatu re  in  
a bath using ca tio n ic  add itive  helps to  ra is e  tiie cathode-effic iency  fo r 
i t  gives more availai)le  p laces fo r the de%x3siticn of Zn tiian tiie non-ionic 
add itive  •
An increase in  the ra te  of a g ita tio n  helps to  increase the 
catiiodo-efficiency fo r the ca tio n ic  add itive  treatm ents • I t  i s  not sign —
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i f le a n t, havGver, for tiie other t,vo organic additives used .
Since tiie process o f electrodeixDsition depends on tim e, i t
would be ex[xicted t lia t  an increase in  e le c tra le p o s itio n  time would allow 
more zinc species to  deposit , Havever, one roust keep in  irAnd sane 
de le te rio u s  e f fe c ts  o f a long lenght of deposition  such as add itive  
d e te r io ra tio n , gravth o f long c ry s ta ls  on tlie e lec trode  su rface , increas­
ing a c id ity , reduction  in  the s a l t  concen tra tion , and so on . The lenght 
o f e lec tro d ep o sitio n  was s ig n if ic a n t  fo r tiie c a tio n ic  ccnpound and no t 
s ig n if ic a tiv e  a t  a l l  fo r tlie o tlier two organics •
Some of tlie in te ra c tio n s  show^in Table 15 a re  s ig n if ic a n t , as
we can conclude conparing the values of t  witli those given in  Table 16 •
The following ta b le s  shav the in te ra c tio n s  between the various 
fac to rs  • Tiie c a lcu la tio n s  fo r the l is te d  values were obtained by means 
of a reversed Yates analysis  and are given in  ^ p e n d ix  5 ,
TABIit: 18 -  E ffec t of Temperature and C urrent-density  on 
the Cathode-efficiency -  C ationic Additive
C urrent- Temperature
Density 20*C 40°C
30 A /sq ,f t , 68.03% 61.45%
150 A /sq .f t  49,67% 62,16%
Tliis in te ra c tio n  siiavs th a t  a t  low temrierature a ra is e  in  
cu rren t-d en sity  has a much s ig n if ic a n t  e f fe c t  on the cathode-effic iency  ,
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At 40 °C p ra c tic a lly  no v a ria tio n  i s  cbscrved ^vhen the cu rren t-d en sity  i s  
increased fran  30 A /sq ,f t , to  150 A /sq ,f t , , Havever, i f  the e le c tro  -  
deposition  i s  being ca rried  out a t  high cu rren t-d en sity , an increase in  
tlie c e l l  tern[X2rature would help to  obtain  a high cathode-effic iency  #
TABLE 19 -  E ffe c t o f the A cidity and Length o f Deposition 
cn Cathode-Efficiency -  C ationic Additive
Time A cidity
23 gpl 46 gpl
60 min 53.22% 63.56%
120 min 72.46% 54.20%
The above ta b le  shews the negative e f f e c t  o f the high a c id ity  
w ith increasing  e lec tro d ep o sitio n  time .
TABLE 20 -  E ffe c t of A cidity  and S a lt  Concentration on 
C athode-efficiency -  C ationic Additive
S a lt  A cidity
Concentration 23 gpl 46 gpl
35.91 gpl 60.36% 46.29%
71.89 gpl 65.32% 72.47%
Here, an increase  in  the catiiode-efficiency w ith high a c id ity  
i s  obtained when the s a l t  concentration  i s  increased , At law s a l t  
concen tra tions, the e ffic ie n cy  decreases as thé a c id ity  i s  increased  .
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TABIE 21 -  E ffec t of Temperature and Deposition Time on 
C athode-efficiency -  C ationic Additive
Time Temærature
20*C 40°C
60 min 52,66% 64,62%
120 min 65,03% 62.13%
This in te ra c tio n  shavs th a t  an increase in  the cathode -  
e ff ic ie n cy  w ith time i s  only obtained when the  tem perature i s  lowered, 
decreasing s l ig h t ly  \ te n  the tenperature  i s  ra ised  ,
TABLE 22 -  E ffe c t o f C urrent-density  and Deposition Time 
on Catiiode-eff iciency -  C ationic Additive
Time C urrent-density
30 A /sq ,f t , 150 A /sq .f t ,
60 min 68.74% 48.55%
120 min 63.89% 63.28%
This ta b le  shavs th a t  w ith a high cu rren t-d en sity  and a low 
deposition  tim e, the cathode-effic iency  i s  reduced nearly  by 70 %, ivhile 
witii a long deposition  time and high cu rren t-d en sity  the  cathode-effic iency  
i s  alm ost the same as th a t  w ith lav  cu rren t-d en sity  and long e le c tro  -  
deposition  time . This shavs th a t i t  i s  p refe rab le  to  laver the c u rren t-  
density  o f e lec tro d ep o sitio n  .
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table 23 -  E ffect o f A cidity and Tbmperaturc on the 
Catiiode-off iciency -  C ationic Additive
Temperature A cidity
23 gpl 46 gpl
20*C 56.85 % 60.85 %
40°C 68.84 % 57.92 %
Here, a ra is e  in  tem perature decreases the cathode-effic iency  
in  a bath  witii a higii acid  con ten t, wliile in  a bath w ith lav  ac id  concen tra t­
ion , an increase  in  tem perature r e s u l ts  in  an increase  in  the cathode -  
e ff ic ie n c y  .
TABLE 24 -  E ffect o f Additive C cncentratian and Deposition
Time on the Catliode-efficiency -  C ationic Additive
Time Additive Concentration
0 % 0.01  % 
60 min 76.47 % 40.82 %
120 min 73.41 % 53.76 %
This shavs t lia t  the lowering of the  cathode-effic iency  w ith  a 
high ccncen tra tian  o f add itive  i s  more marked when the time i s  a t  i t s  low­
e r  lev e l .
The in te ra c tie n s  l ik e ly  to  be s ig n if ic a n t fo r the anionic t r e a t ­
ments are  given in  Tables 25, 26,27, 28, and 29 .
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ÏABU2 25 -  E ffec t of Temperature and C urrent-density  on the  
Catiiode E ffic iency  -  Anionic Additive
Current Temperature
Density 20*C 40°C
30 A /sq .f t . 78.42% 72,73%
150 A /sq .f t , 71.67% 72.74%
This tab le  sha-vs th a t  a r i s e  in  cu rren t-d en sity  has a negative 
e f f e c t  on the  cathode-effic iency  a t  lav  tenpera tu re , and no e f f e c t  a t  a l l  
a t  40*C .
TABLE 26 -  E ffe c t of A cidity  and Deposition Time on the 
Catliode-efficiency -  Anionic Additive
Time A cidity
23 gpl 46 gpl
60 min 75.43 % 75.21 %
120 min 79.36 % 65.05 %
The aloove tab le  shows th a t  a r i s e  in  the  acid concentration  
has a negative e f f e c t  on tlie cathode- efficienc\^  i f  the electrow inning 
time i s  a t  the high lev e l .
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TABIE 27 -  E ffe c t o f A cidity and S a lt  Concentration on 
Cathode-efficiency -  Anionic Additive
S a lt  A cidity
Concentration 23 gpl 46 gpl
35.91 gpl 69.04 % 58.25 %
71,89 gpl 85.76 % 82.01 %
Tills tab le  shows th a t  in c reas in g . the a c id ity  of the so lu tion  
decreases the cathode-effic iency  whatever i s  the s a l t  concentration .
TABLE 23 -  E ffe c t o f C urrent-density  and E lectrodeposition  
Time on C athode-efficiency -  Anionic Additive
Time C urrent-density
30 A /sq .f t .  150 A /sq .f t .
60 mim 79.88 % 70,79 %
120 min 70,77 % 73.62 %
This in te ra c tio n  siiavs th a t  increasing  the cu rren t-d en sity  
and allowing a sh o rt deposition  time tlie cathode-effic iency  i s  Icxvered . 
However, i f  a long e lec trodeposition  time i s  allowed, the cathode -  
e ffic ie n cy  w il l  increase  .
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TABLE 29 -  E ffec t of M d itiv e  Concentration and Time on 
Cathode-efficiency -  Anionic Additive
Time Additive Concentration
0 % 0,01 %
60 min 72.60 % 78,07 %
120 min 77,27 % 67.12 %
This in te ra c tio n  shows the de le te rio u s e f fe c t  of a long
electrow inning time on tlie cathode-effic iency  wiien the anionic ad d itiv e
is  p resen t in  the e le c tro ly te  •
The o ther in te r a c t io is  are  not l ik e ly  to  be s ig n if ic a tiv e s  
fo r the anionic add itive  treatm ents, fo r a t  le a s t  one of the fac to rs  in  
those in te ra c tio n s  i s  no t s ig n if ic a n t  ,
F in a lly , the only in te rac tio n  fo r the non-ionic group, a t  
the 95 % le v e l, i s  given in  the  following tab le  ,
TABLE 30 -  E ffe c t of Tei'.perature and C urren t-density  on 
Cathode-efficiency -  Ncn-Ionic Additive
Current Tenperature
Density 20*C 40*C
30 A /sq .f t .  64.40% 56.13%
150 A /sq .f t . 64.24% 64.79%
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Tliis in te ra c tio n  shavs the  d e le te rio u s  e f fe c t  of a r is e  in  the 
bath  tem perature a t  lav  cu rren t-d en sity , but p ra c tic a lly  no e f f e c t  a t  
a l l  a t  liigh cu rren t-d en sity  •
The rer.iaining in te ra c tio n s  are not s ig n if ic a n t fo r th is  group 
a t  95 % le v e l «
The stcindard e rro r  of the experim ental re s u l ts  i s  given in
Table 31 ,
TABLE 31 - Standard E rror o f the  Experimental Results
Standard E rror C ationic Anionic Lon-Ionic 
a 1.26% 1.59% 1,33%
Having discussed a l l  the  fac to rs  and in te ra c tio n s  betv^en 
these fac to rs  which are s ig n if ic a n t  fo r the th ree  groups of a d d itiv e s . 
Figures 12, 13, 14, 15, 16, and 17 shav the  various surfaces obtained 
and p resen t seme comparison o f the e ffe c ts  due to  tlie various fac to rs  
on the morphology of e lectrodeposited  zinc «
Figure 12 shavs;
12a -  shavs the surface cbtained with tiie c a tio n ic  a d d itiv e , 
a lready discussed in  Figure 7f .
12b -  shavs tlie surface cbtained with the anionic a d d itiv e , 
already discussed in  Figure 8f . •
12c -  shavs the surface cbtained w ith tlie non-ionic ad d itiv e , 
a lready discussed in  Figure 9f .
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A ll tlie surfaces v^ere detained with the fac to rs  a t  th e ir  lower 
le v e l, except tlie add itive  concentration •
12d -  shows the surface obtained with a l l  the fac to rs  a t  th e ir  
laver le v e l, including the add itive  concentration; i t  shavs a fin e -g ra in  
ed, smooth, and dense deposit surface .
Comparing the p ic tu res  sham  in  Figure 12, we can conclude 
th a t  tlie "cationic " surface ( l2 a  ) has a f in e r  g ra in  s iz e  and shavs 
cracks due to  hydrogen evo lu tion , and a le s s  dense surface tlian th a t  
sham  in  Figure 13d • The 'hn ionic" surface ( l2b  ) has a coarser g ra in  
s iz e  and shows a tendency to  grav fa s te r  on the edges • The 'hon-ionic " 
surface ( 12c ) shavs a f in e r  g ra in  size  and a b e t te r  physical appearance, 
w ith m e ta llic  b r ig h t, tlian the surface of Figure l2 d  , Thus, in  th is  
case the non-ionic add itive  helped to  obtain  a b e tte r  surface appearance 
than tiie o ther two •
Figure 13 shews:
l3 a  -  shavs the surface obtained with the  ca tio n ic  add itive ; 
i t  i s  a medium-grained surface shaving a smooth, eventually  cracked -  
due to  hydrogen evolution -  su rface , and presenting  'tre e s  " on the edges 
and com ers •
13b -  shavs the surface obtained w ith the  anionic add itive ; i t  
i s  a coarse-grained , b rig h t su rface , shaving the  gravtli of " trees" on tlie 
edges and com ers •
1 3c -  surface cbtained with the non-ionic add itive  ; i t  i s  a 






























corners and s u r face-depressions caused by the adsorption of ge ls formed 
by the non-ionic add itive  species , Very few 'tre e s  " are  v is ib le  on the 
edges and com ers •
A ll tiie above surfaces were obtained using treatm ent 19, i . e . ,  
w ith a l l  the fac to rs  a t  th e i r  h igher lev e l •
13d -  i s  the same p ic tu re  already described in  Figure 12d, with 
a l l  tiie fac to rs  a t  th e i r  lower lev e l •
Comparing the p ic tu res  shovm in  Figure 13, we can see th a t  the 
a lte r in g  tlie fac to r  lev e ls  cause a very marked influence on the deposited 
surface •
Figure 14 shows:
14a -  p ic tu re  already discussed in  Figure 13d -  a l l  the fac to rs  
a t  th e i r  lo;ver lev e l ,
14b -  shows the surface obtained witli a l l  the fac to rs  a t  ti ie ir  
laver le v e l, except the  cu rren t-d en sity , ra te  o f a g ita tio n  and length of 
deposition ; i t  i s  a very rough su rface , shaving cracks due to  hydrogen 
evolu tion  and the gravth of " trees"  a l l  over the  cathode su rface , grav­
ing fa s te r  on tlie edges •
14c -  sha/s a "tree " grew on the edge og tiie cathode surface 
coming fraa  tretm ent 11, i . e . ,  liigh s a l t  concen tra tion , tem pérature, 
cu rren t-e ffio ien cy , and time of e lec tro d ep o sitio n  •
Coigiaring the th ree  p ic tu res  sliavn in  Figure 14, we see th a t  
•ag ita tion  and e lec tro d ep o sitio n  time increase  tiie g rain  s iz e , and th a t  



























m stal to  sprout cu t in  form of "trocs " . I t  in v is ib le ,  a lso , tlia t an 
increase  in  s a l t  concentration and tar.peratu re , decreasing tiie ra te  of 
a g ita tio n  ( Figure 14b and c ) favor tiie gra^tli of long "trees ", keep­
ing t±iG same values fo r tiie cu rren t-d cn sity  and length o f deposition  ,
Figure 15 shows:
I5a -  already  discussed • Corresponds to  Figure 12a ,
15b “ already discussed * Corresponds to  Figure 12b ,
15c -  a lready discussed . Corresponds to  Figure 12c ,
ISd -  shows a surface obtained w ith tlie c a tio n ic  ad d itiv e ;
i t  i s  fine-g ra ined , eventually  cracked, and shŒVs tlie gro\7tll o f small 
dend rites •
ISe -  obtained w ith the  anionic ad d itiv e ; i t  i s  co a rse -g ra in ­
ed, showing the  perpendicular gra^/tia o f "trees " to  tlie catliode surface •
The shavxi o f the  "trees " were no t modified by the  add itive  .
15f  -  surface obtained with the non-ionic ad d itiv e ; i t  i s  
fine-g ra ined , smooth surface shaving the gravth o f few "trees " on the 
edges ,
A ll tlie surfaces shavn in  Figures I5d, 15e, and 15f  were o b ta in ­
ed using treatm ent 1, i . e . ,  high s a l t  c o n o e n tra tia i, cu rren t-d en sity , and 
add itive  concentration  ,
Comparing the s i^  p ic tu re s  sham  in  Figure 15, v.’e can see th a t  
increasing  the s a l t  concentraticsi, cu rren t-d en sity , and add itive  co n cen tra t­
ion cause a very marked e f fe c t  ujx)n tlie q u a lity  of tlie su rface , producing 
the growtli o f " trees"  and a coaser g rain  s iz e  -  compare Figures 15d-15a,
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a) vdthout add itive  7 (l^X ) b) w ithout add itive  17 (15X)
^ T m
l l ' M l
11[MULSJL
c) w it h o u t  a d d i t i v e  11  ( mm )
F ig u r e  14 -  I n t e r a c t i o n  E f f e c t s  o f  A c i d i t y ,  C u r r e n t - d e n s i t y ,
R ate  o f  A g i t a t i o n ,  Time o f  E l e c t r o d e p o s i t i o n ,  and S a l t  C o n c e n tr â t  
i o n  on  t l ie  r io r]d io lo g y  o f  I l e c t r o d e p o s i t e d  Z in c  .
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15b-15c, and 15c-15f ^
Figure 16 shavs:
16a -  described in  Figure 15d «
16b -  described in  Figure 15e •
16c -  described in  Figure 16f  ,
16d -  surface obtained w ith ca tio n ic  add itive ; i t  i s  a fin e ­
grained su rface , shaving p i ts  due to  hydrogen evo lu tion , and few c ry s ta ls  
graving fa s te r  on tiie edges .
16e -  surface obtained witli anionic ad d itiv e ; i t  i s  a coarse­
grained surface shaving a perpendicular growth of the c ry s ta ls  on the 
catliode surface and p re fe re n tia l ly  on the edges •
16f  -  surface obtained witli non-ionic ad d itiv e ; i t  i s  very
fin e-g ra in ed , shaving sane b righ tness and cracks •
The surfaces shavn in  Figures 16d, 16e, and 16f  ivere obtained 
using treatm ent 25, i . e . ,  high a c id ity , add itive  concen tra tion , cu rren t- 
density  and e lec tro d ep o sitio n  time .
Ccrnparing the p ic tu re s  sham  in  Figure 16, we are ccraparing 
treatm ents 1 and 25 . Thus, we can conclude th a t  i f  the s a l t  concen tra t­
ion i s  decreased and increase  the a c id ity  and e lec tro d ep o sitio n  tim e, the
surfaces obtained show le ss  "tree " gravth .
F in a lly , Figure 17 shows:
17a -  described in  Figure 16d ,
17b -  described in  Figure 16e ,
17c -  described in  Figure 16f  ,
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a) c a tio n ic b) anionic c) non-ionic
i
d) c a t ic n ic  1 e) anionic 1 f) non-ionic 1
Figure 15 -  In te ra c tio n  îf f e c ts  ixitween S a lt Concentration, 
C urrent-density  and Additive Concentration on the Morphology 
of ricctrodejX )sited Zinc ( 15X )
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17d -  shavs the surface abtained vn.th the  c a tio n ic  add itive ;
i t  i s  a ver}/. fine-g rained  su rface , showing seme p i t s  •
17e -  surface obtained w ith the anionic ad d itiv e ; i t  i s  fine­
grained , shaving some b righ tness •
17f  -  surface obtained w ith tlie non-ionic ad d itiv e ; i t  i s  a 
very homogeneous su rface , dense and with m e ta llic  b rig h t ,
The surfaces of Figures 17d, 17e, and 17f  were obtained using
treatm ent 24, i . e . ,  high add itive  concentra tion , temperature and length 
of deposition  •
Ccrqxiring the p ic tu res  o f Figure 17, v;e are comparing t r e a t ­
ments 25 and 24 , Vie can see th a t  i f  the a c id ity  i s  decreased, as w ell 
as the cu rren t-d en sity , and increase the tem perature, fo r the same e le c tro ' 
deposition  time and add itive  concentra tion , the surface obtained w ill  be 
smootlier and more a^ipoaling •
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u) c a tio n ic  1 b) anionic 1 c) non-ionic 1
d) ca tio n ic  25 c) anionic 25 f) non-ionic 25
Figure 16 -  Ccoiparison Ixitveen treatments 1 and 25 ( 15X )
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m m
a) c a tio n ic  25 ,b) cmionic 25 -c) non-ionic 25
m w m
a) ca tio n ic  24 b) anionic 24 c) non-ionic 24
Figure 17 -  Comparison Ixiü/een Treatments 25 and 24 ( 15X )
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THE ELECTROCAPILLARY PHENOMENA
As sham  in  the l i te r a tu r e  review sec tio n , tlie a b i l i ty  o f a 
n e ta l/so lu tio n  in te rfa c e  to  adsorb ions o r molecules can be explained 
in  terras of the  o le c tro c a p illa ry  phenamena occurring a t  tii is  in te rfa c e  • 
C ap illa ry -ac tiv e  anions are  p re fe re n tia l ly  adsorbed a t  p o te n t­
ia l s  p o s itiv e  to  the  is o e le c tr ic  p o in t, hence depressing tiie correspond­
ing limb o f the  e le c tro c a p illa ry  curve, the  is o e le c tr ic  po in t being 
sh if te d  to  a s l ig h tly  more negative values «
C ap illa ry -ac tiv e  cations are  adsorbed a t  %x)tentials correspond­
ing to  tlie negative branch of the  e le c tro c a p illa ry  curve, hence depress­
ing th is  limb and sh if t in g  tlie is o e le c tr ic  po in t to  a more j^xisitive 
value ,
The n eu tra l molecules are adsorbed a t  p o te n tia ls  around th a t  
of the is o e le c tr ic  ^xiint , causing ju s t  a depression of tlie maximum of 
tlie e Icc trocap i l la ry  curve .
This behaviour app lies to  a l l  m e ta llic  surfaces in  con tac t 
witli a so lu tio n  , However, as pointed out e a r l i e r ,  the e le c tro c a p illa ry  
curves o f m etals o ther tlian mercury are extremely d i f f i c u l t  to  obtain  
experim entally  «
Adsorgition of the  add itive  on tlie m e ta llic  surface re s u l ts  in
T95-
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su rface  homogoneity and, scfoetirnes, in h ib it  d is so lu t io n  o f  the m e ta llic  
sp e c ie s  . H ierefo re , the p o te n t ia l o f  the e lec tro d e  r e la t iv e  to  i t s  i s o ­
e l e c t r i c  i.X)int i s  o f  importance in  determ ining \\^iether adsorption  i s  
p o ss ib le  .
ANTROPOV shaved th a t i f  the e le c tr o c a p illa r y  p ro p er tie s  o f  a 
substance are found fo r  one m eta l, tlian i t  i s  p o ss ib le  to  estim ate  ad­
sorp tion  o f  th e same substance on another m etal su r fa ce , once tlie  p o ten t­
i a l  o f  the m etal being in v e s t ig a te d  i s  the same fo r  both the m etal o f  
in t e r e s t  and mercury cn the zero p o in t s c a le  , The zero p o in t s c a le  i s  
not a fu n ction  o f  the nature o f  th e referen ce e lec tr o d e  chosen and, 
consequently  the con d itio n s o f  adsorption are s im ila r  fo r  any m eta l, w ith ­
in  th e same zero p o in t s c a le  range o f  p o te n tia ls  • T his s c a le  i s  d efin ed  
as the d if fe re n c e  beüveen the working p o te n tia l E and the r e lev a n t n u ll  
p o te n t ia l Eq=0 • Thus,
Tlie above re la t io n , th e re fo re , determines the charge o f the  
m etal w ith resp ec t to  the medium in  v^ich i t  i s  placed •
The re s u l ts  obtained by means o f tlie polarographic technique 
described  in  an e a r l ie r  sec tio n , given in  Table 9, were converted in to  
tlie zero p o in t scale  by sub trac ting  the voltage readings from the re levan t 
n u ll  %x)tential, obtained in  p lo tt in g  tlie e le c tro c a p illa ry  curve •
Keeping in  mind tlia t the dro^>-life times are  p roportional to
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the sur face-te iis  ions fo r a given applied p o te n tia l ,  tlic graph shavn in  
Figure 18 was drawn •
On the b a s is  of th is  grapli i t  i s  possib le  to  in te rp re t  the
/
behaviour of various ad d itiv es  a t  the surface of a zinc cathode immers­
ed in  an acid  so lu tion  • I t  should 1x2 remembered th a t  in  tlie process 
o f d isso lu tio n , Zn w ill  a t ta in  negative p o te n tia ls  o f the order o f 
-  0 ,75 V , In the  process o f dejrxDsition the  cathode p o te n tia l w ill  
decrease from tli is  value , Thus, knowing the re lev an t n u ll p o te n tia l 
o f Zn ( E q _ Q  = - 0 , 63  V ) cind introducing i t  in  the given mathematical
expression fo r the zero po in t p o te n tia l , we can see tlia t the region of 
in te r e s t  l i e s  on the  negative side o f tlie e le c tro c a p illa ry  curve , This 
branch o f the curve i s  ca lled  catliodic $
From Figure 18 we can see th a t  the beliaviour o f the su rface- 
ac tive  molecules agrees with the expected th e o re tic a l  r e s u l ts ,  i . e . ,  the 
parabo lic  sha%x3d curve fo r the acid  so lu tio n  i s  a lte re d  as d if fe re n tly  
charged ad d itiv es are  added , Tlie e le c tro c a p illa ry  maximum fo r  the 
c a tio n ic  and anionic add itives i s  sh if te d  and fo r the non-ionic add itive  
i s  depressed •
Therefore, we have a range of zero p o in t %x)tentials w itliin 
whidi tiie su rface-tension  of the e le c tro ly te /e le c tro d e  in te rfa c e  i s  
decreasing w ith the applied p o te n tia ls , due to  tlie adsorption of the 
organic add itive  species . The most adsorption o f an add itive  i s ,  th e re ­
fo re , a function of the zero po in t {XDtential . Within tlie 0 ------0 .2  V
range, tlie order o f p re fe re n tia l  adsorj-ition w il l  be;
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+ FC-134
+ FC- 95 
+ SUPERFLOC 127
T(sec)
8.4 .  - . 60+ .8  + .5  + .4  + .2
Figure 18 -  The e l e c t r o c a p i l l a r y  curves
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non-ionic ■*' c a tio n ic  anionic
Since the corrosion ze ro -p o in t-p o ten tia l o f zinc ( -0,12V ) 
i s  in  th a t  range, i t  i s  apparent tlia t most e ffe c tiv e  in h ib itio n  of 
corrosion can be achieved w ith a non-ionic add itive  , The ca tio n ic  
and anionic ad d itiv es  w il l  be le s s  e ffe c tiv e  •
At zero p o in t p o te n tia ls  g rea te r  than -0,12V, in  the  negative 
d ire c tio n , the c a tio n ic  add itive  adsorbs p re fe re n t ia l ly  and cem be used 
to  produce a smootli and dense surface ,
Therefore, i f  the system i s  a t  more negative p o te n tia ls  the
cathodic a d so rp tia i i s  predcminant, i . e . ,  ca tions m i l  be adsorbed on
the m etal surface « i  Œv, i f  the system goes towards more p o s itiv e  
p o te n tia ls  tlie c a tio n ic  Gibbs adsorption ceases and the  replacement o f 
organic compound by water molecules i s  v e r if ie d  . At those p o te n tia ls  
anionic adsorption i s  favoured, m th  tlie anions being desorbed a t  
increasing ly  negative p o te n tia ls  -  see Figure IB -  ,
The non-icn ic  molecules are  adsorbed in  a much narrower range
of p o te n tia ls ,  depressing the e le c tro c a p illa ry  maximum, due to  perhaps 
th e i r  o r ie n ta tio n  on the  m etal su rface , searcriing fo r the s ta te  of mini­
mum free  energy of the m e ta l/e lec tro ly te  system, lowering, tlie re fo re , the 
su rface -ten sion  ,
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CONCLUSIONS
On the b asis o f the resu lts obtained, ve can conclude:
1. C ationic and non-ionic species are p referen tia lly  adsorb­
ed cn the metal surface, resu ltin g  in  a reasonably homogeneous cathode 
surface • The degree o f homogeneity depends on the nature o f the ad -  
sorbing sp ecies •
2 . When deposition and corrosion o f zinc are taking place 
sim ultaneously, the non-ionic additive w ill be adsorbed p referen tia lly  
and w ill  resu lt in  a fine-grained , smooth and scmevtot bright deposit #
3. In the d ep osition /d isso lu tion  region, the adsorption o f 
a ca tio n ic  additive w ill  be le s s  e ffe c tiv e  and the cathode surface 
produced w ill  be rougher and the grain s iz e  coarser than the non-ionic 
surfaces •
4 . For the same region, the anionic additive i s  le s s  e ffe c t­
ive and the cathode surfaces obtained ex h ib it poor morphological propert­
ie s  •
5 . The addition o f organic Icwer the cathode e ffic ie n c y  of 




a) la -^ rin g  of hydrogen overvoltage
b) decrease in  the e ffc c tix e  surface area
c) electrochem ical reac tions a t  the in te rfac e
/
6 , An increase in  teirperature r e s u l ts  in  a coarser g ra in  s ize  
and a h igher r a te  o f d isso lu tio n  . The non-ionic species are  more e f f e c t ­
ive tiian e it l ie r  the c a tio n ic  o r anionic ad d itiv es in  smoothening the
e lec trodeposited  su rface , as tenperatu re  i s  increased •
7, An increase  in  cu rren t-d en sity  r e s u l ts  in  a f in e r  g ra in
s iz e  • However, i t  promotes gro^vth and formation o f " tre e s” •
8 , In  tlie presence o f non-ionic and anionic ad d itiv es  , in c re a s ­
ing the ra te  o f a g ita tio n  w ill  no t have a s ig n if ic a n t e f f e c t  on the morpho­
logy o f the deposit • Havever, witli c a tio n ic  ad d itiv e  a coarser g ra in
s iz e  i s  oiDtained a t  high ra te s  o f a g ita tio n  .
9, Within the range o f add itive  concentrations s tu d ied , decreas­
ing concentration  i s  recommended fo r the non-ionic and c a tio n ic  a d d itiv es , 
and increasing  fo r the an ion ic , fo r b e t te r  morjihological p ro p ertie s  •
10, An increase  in  the time o f deposition  promotes the form -  
a tio n  of d en d rite s , increases the acid  concentration  in  the e le c tro ly te ,  
and decreases the s a l t  concentra tion , a ffe c tin g , th e re fo re , the  physical 
aspect o f tlie surface , Time was a s t a t i s t i c a l l y  s ig n if ic a n t va riab le  
fo r c a tio n ic  ad d itiv e  only ,
11, An increase  in  the  concentration o f zinc sulphate re s u l ts  
in  a higlier cu rre n t-e ffic ien c y  and coarser g ra in  s ize  ,
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12, An increase  in  tiie iiydrogen ion concentration favors a 
coarse-grained and columnar s tru c tu re  , I t  a lso  lowers tiie cu rren t -  
e ff ic ie n cy  • .Ton-ionic add itive  was more e ffe c tiv e  a t  high a c id it ie s  
tiian e i th e r  the  c a tio n ic  o r anionic add itives ,
T 1351
FURTHER RESEARCH
Eiïphasis must be given to  the s ta tis tic a l model developed in  
th is  Thesis $
I t  seems to  the author th at th is  model o ffers a wider f ie ld  
for in v estig a tion  o f the e ffe c ts  o f the various factors upon the process 
parameter being studied , than the c la s s ic a l approach .
The advantages o f assessin g  the s ta t is t ic a l  consistency and 
sign ifican ce  o f the resu lts give to  the reader a ready check o f the va lid ­
it y  o f the experimental data, as w ell as o f the d iscussion  and conclusions 
coming from the experiment .
Although th is  study restr icted  i t s e l f  to  the evaluation o f 
the e ffe c ts  o f various process parameters on the morphology of the d ep osit, 
a sim ilar approach can be used in  the in vestigation  o f other variab les •
As suggestion for further work, sim ilar models should be develop­
ed and investigated  for other process parameters • Then, a s ta t is t ic a l  
correlation  o f the various process parameters studied could be esta b lish ­
ed g iv in g , therefore, those in  vbich care must be exercized in  order to  
avoid any serious p la tin g  prc±>lem, and those in  vArLch a larger degree o f 
tolerance can be given for the process operator without changing the
-103-
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q u a lity  o f tliG elcctrodGTXDsit in  a s ig n if ic a n t  way •
I t  i s  believed tlia t th is  Thesis i s  a valuable con tribu tion  
to  the understanding o f e lec trodeposition  of zinc and should form tlie 
b asis  fo r fu rtlie r work on a system atic study of the process parameters 
fo r  tlie e lec tro d ep o sitio n  •
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APPENDIX 1
A l i s t  o f tlie surface ac tiv e  agents 




I .  ANIONIC COMPOUNDS
I/A  -  Products obtained by sapon ifica tion  o f f a ts
/
I/A^ -  In d u s tr ia l  soaps
I/A^ -  Soaps derived fron fa t ty  acids obtained by oxidation 
o f p a ra ff in  
I/Ag -  flaphtlienic soaps 
I/A^ -  Soap su b s titu te s  or sp ec ia l soaps 
I/B  -  Products obtained by d ire c t  su lfonation  o f f a t ty  m atters w ithout 
previous treatm ent
I/B^ -  IToducts obtained by normal su lfona tion  o f g lycerides 
o r t l ie ir  f a t ty  acids
-  A lkaline su lfo r ic in a te s  
I/B ^2 “ S u lfo lea tes and sulfonated  o i l s  o f t li is  type 
I/B ^2 “ Sulfonated talloiv 
I/B^^ -  Sulfonated coconut o i l  
I/B^^ -  Sulfonated marine animal o i ls  
I/B^ -  Products obtained by normal su lfona tion  of g lycerides 
o r t l ie ir  f a t ty  acids follo\\^d by in tram olecu lar 
condensation 
I/B 21 -  Monopole o i l  
I/B22 -  Mono^x)le soap 
I/B^ -  Products obtained by high su lfona tion  o f g lycerides o r 
t l ie ir  f a t ty  acids
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I/C -  IToducts obtained by su lfonation  of f a t ty  acids e s te r s
I/Cg  ̂ -  Sulfonated d é riv â te s  of e s te r s  o f monovalent alcohols
I/C^ -  Sulfonated dérivâ tes o f e s te r s  o f polyvalent alcohols
sa tu ra ted  o i ls  or f a t ty  acids 
I/C22" From unsaturated o i l s  o r f a t ty  acids 
I/D -  Products obtained by e s té r i f ic a t io n  o f f a t ty  acids with sulfonated 
monovalent a lc d io ls  
I /E  -  Sulfonated d é riv â te s  of f a t ty  e s te r s  o f lov m olecular weight 
I /F  -  Products obtained by su lfona tion  of f a t ty  amides
I/F^  -  Sulfonated d é riv â te s  of a lip h a tic  amides, am onia o r 
aroines
I/Fg -  Sulfonated d é riv â tes  o f c y c lic  amides
I/F^ -  Sulfonated dérivâ tes o f cy c lic  aroides
I/F^ -  Sulfonated lie terocyclic  ccmpounds derived from aromatic 
diamines ( benzimidazol )
I/F^ -  Sulfonated d é riv â tes  o f amides o f amino alcohols 
I/G -  Condensation products o f f a t ty  acid ch lo rides with amines
I/Gj^ -  Amides derived from aminosulfonic acids
I/G^ -  Amides derived from ammo acids
I/G^ -  Amides derived from polypeptide amino acids
I/E I -  Sulfonation products o f f a t ty  n i t r i l e s
I / I  -  Sulfonation products o f fatt^/ aldehides
I / J  -  Sulfonation products o f f a t ty  ketones
I/K -  Products obtcdned by su lfonation  of n a tu ra l and syn tlie tic  alcohols
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having s ix  or nxDre carlxin atoms, with a view to  obtain ing  sodium s a l ts  
of su lfu r ic  acid  e s te r s ,  R.OSO^Ja or tru e  allcali su lfo n a tes ,
I/K^ -  Sodium s a l t s  of s u lfu r ic  acid e s te r s  o f alcohols having e ig h t 
o r le ss  carbon atoms 
I/K^ -  Sodium s a l t s  o f su lfu r ic  acid e s te rs  o f alcohols having more 
than e ig h t carbcxi atoms
I/K21 -  from lau ry l a lc d io l o r a lc d io ls  derived from coconut 
palm o i l  
I/K22 -  from c e ty l alcohol 
I/K 23 -  from s te a ry l alcohol
I/K24 -  fran  o le y l-c e ty l alcohol ( alcohols derived from 
Spermaceti )
I/K25 -  from various fa t ty  alcohols 
I/Kg -  Sodium s a l t  o f  a su lfu r ic  acid e s te r  o f an unsaturated  fa t ty  
alcohol 
I/K31 -  from o ley l alcohol 
I/K^ -  Special su lfona tes o f fa t ty  alcohols 
I/K^^ -  Oleyl alcohol su lfonate 
I A 42 “ Oleyl a lc d io l d isu lfonate  
I/K43 -  Ifersu lfuric  e s te r s  of f a t ty  alcohols 
I/L  -  Sulfonation products o f secondary alcohols
I/ll -  Products obtained by ude of m ineral e s té r i f ic a t io n  agents o ther than 
su lfu r ic  acid
I / i ^  -  Phosphoric e s te r s  of f a t ty  alcohols
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I/ÏP^ “ ^rophosphoric e s te r s  of f a t ty  a lc d io ls  
I/Mg -  îhroxides of pyro^iliosplioric e s te r s  o f f a t ty  alcohols 
I/N -  Aminocarbox^dic acids containing severa l COOH groups 
I/O -  Sulfonated aromatic hydrocarbm s
I/O^ -  Sulfonated d é riv â te s  of benzene, i t s  hcmologs and i t s  
d e riv a tiv es
I/O^^ -  Sodium b en zy lsu lfan ila te  
I / 0 ĝ2 -  Sodium d irnetil m etan ilate  
I/Og -  Sulfonation products o f naphthalene and i t s  d é riv â tes  
I/Og^ -  1 aphtalene monosulfonate 
I/Ogg -  Sodium naphtalene tr is u lfo n a te  1-3-6 
I/Ogg -  Sodium tetraIiydronaj;^talene su lfonate  
I/O^^ -  Condensation products of naphtalene su lfon ic  
acids w ith formaldehyde 
I/Og -  Sulfonation products o f antliracene and i t s  d é riv â te s  
I/O^ -  A lkylaryl su lfonates
I/O^^ -  A lkylaryl su lfona tes w ith one or more a lky l 
groups having e ig h t o r le s s  cartxDn atoms 
1/ 0^2 -  A lky llary l su lfonates w ith an aD;yl group 
containing ten  o r more carbon atoms 
I/Og -  Alkyl naphthalene [x^rsufonic acids
I/Og -  Sulfonation products of ph tlia lic  anhydride and t l ie ir  d e riv  
a tiv e s
1/Oy -  Sulfonation products o f ro s in  and i t s  d e riv a tiv es
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Sulfonated dérivâ tes of ro sin
I/0__ Sulfonated dérivâ tes of al)itiene 72-
I/O^g- Sulfonated dérivâ tes o f a b itie n ic  alcohol 
I/Og -  Sulfonation products of terx^nes o r terpene alcohols 
I/Og -  Sufonation products o f phenol o r i t s  hcmologs with 
o r w ithout previous or simultaneous condensation 
I/Og^- Sulfonated alkylphenols 
I /P  -  Sulfonated d é riv â tes  o f ncnionic compounds o f c la ss  I II /C  
I/Q -  Products obtained from p a ra ff in ie  hydrocarbons
I/Q^ -  products obtained by su lfonation  of the ing red ien ts o f 
m ineral o i l s
I/Q^ -  Products obtained by ch lorosu lfonation  o f p a ra ff in ic  
hydrocarbons
I/Qg -  Sulfamides derived fran  p a ra f f in ic  hydrocarbons 
I/Q 4 -  Sulfimidcs derived from p a ra f in ic  hydrocarbons 
I/R  -  Products obtained from waste s u l f i te  liquo rs
I I ,  CATIONIC
I I/A  -  M ix)hatic ( f a t ty  ) amin es and th e i r  d e riv a tiv e s  
TL/B -  Hcmologs of aromatic amines having f a t ty  chains 
II/C  -  F a tty  amides derived from d isu lis titued  diamines 
I  I/D -  F atty  ariiides derived from a lip h a tiv  diamines 
I I /E  -  Quaternary ammomium corpounds
I I /F  -  Ariiides derived frcm amino alcohols and t l ie ir  quaternary amnonium
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d eriv a tiv es
11/G -  Quaternary' amnonium bases of the benzimidazolines 
II/H  -  Basic coiqxjunds of xiyridine and i t s  d e riv a tiv es
11/1 -  Quaternary amnonium bases derived frcm fa t ty  amides o f d isu b s titu te d  
diamines
I I / J  -  Basic corpounds o f sulfonium, pliosphonium and antimonium 
II/K  -  Quaternary amnonium compounds of betaine 
I I/L  -  Dime thy Iphenylbenzyl amnonium chloride 
I  I/M -  Urethanes o r basic  s a l ts  of ethylene diamine
I I / Î  -  R jlyethylene diamines and th e i r  quaternary ammonium d e riv a tiv e s
II/O  -  relypropanol polyethanolamines
I I /P  -  M iscellaneous ca tio n -ac tiv e  corpounds
I I I .  NON-IONIC
I I I /A  -  I a tu ra l  products
III /B  -  Condensation products o f f a t ty  substances and th e i r  d e riv a tiv es  
\d.th etiiylene oxide 
I I I /C  -  Products obtained by condensation o f phenolic ccmpounds having , 
side  chains w ith ethylene oxide 
III /D  -  Miscellaneous non-ionic corpounds
T 1351
APPENDIX 2
Tiie o r ig in a l 128 treatm ants of trie fa c to r ia l  
design
-1 1 2 -
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17) i 33) V
18) h i 34) hv
19) z i 35) zv
20) h zi 36) hzv
21) a i 37) av
22) hai 38) hav
23) zai 39) zav
24) hzai 40) hzav
25) t i 41) tv
26) h t i 42) thv
27) z t i 43) z tv
28) h z ti 44) hztv
29) t a i 45) ta v
30) h a ti 46) hatv
31) z a ti 47) zatv









57) t i v
58) h t iv
59) z tiv
60) h z tiv
61) ta iv
62) h a tiv
63) z a tiv
64) h za tiv
-  continue œ x t  page -
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-  continued -
65) r 116) h z iv r
66 ) lur 117) a iv r
67) z r 118) ha iv r
68) hzr 119) zaiv r
69) a r 120) hzaiv r
70) har 121) t iv r
71) zar 122) h t iv r
72) hzar 123) z t iv r
73) t r 124) h z itv r
74) tlir 125) t a iv r
75) z t r 126) h a tiv r
76) h z tr 127) z a tiv r
77) t a r 128) h z a tiv r
78) h a tr
79) z a tr
80) h z a tr
81) i r
82) h i r
83) z i r
84) h z ir
85) a i r
86) h a ir
87) z a ir
88) h z a ir
89) t i r
90) h t i r
91) z t i r
92) h z t i r
93) t a i r
94) h a t i r
95) z a t i r










106) th v r
107) z tv r
108) h z tv r
109) ta v r
110) ha tv r
111) za tv r
112) hzatv r
113) v i r
114) h iv r
115) z iv r
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APPENDIX 3
A l i s t in g  o f the  conputer programs used to  c a lcu la te  
the s t a t i s t i c a l  consistency and the s t a t i s t i c a l  sign 
ificancQ of the experim ental re s u l ts
-115—
T 1351 —116—
PROGRAM TO COMPUTE THE STATISTICAL CONSISTENCY OF THE RESULTS 
LISTNH
10 DIM AC16)>E(16)
20 DATAI 16. 5 2 ,8 1 .0 0 , 7 8 .6 8 ,7 .3 1 ,9 2 .2 0 ,3 3 .  52, 1. 1 0 ,3 4 . 5 7 ,2 . 10 
O DATA 2 .9 6 ,9 0 .0 6 ,0 * 0 1 ,4 .8 0 ,  i q .  69, 62. 7 3 ,3 1 .4 7  
40 FOR 1 = 1 TO 16 
50 READ ACI)
60 NEXT I 
70 LET M=1 
80 LET J=0
90 FOR I = 1T0 16 STEP 2 
100 LET J=J+1 
n o  LET B =A (I)+A (I + 1)
120 LET C =A C I+1)-A (I)
130 PRINT B, C 
140 LET E (J)=B  
150 LET E (J+ 8 )=C 
160 NEXT I 
170 FOR 1 = 1 TO 16 





230 IF  M<=4 60 TO 80
240 FOR 1=2 TO 16
250 LET F = (A B S (A (1 ))+ A B S (A (I)))/(A B S (A (1 ))-A B S (A (I)))
60 PRINT F 
2 70 NEXT I 
280 END
READY ‘
T 1351 _ ii7 _
CATIOIIC
1 81 .17 - 5 1 .8 7
8 .3 1 7. 15
6 9 .4 - 2 .3 6
2 4 .4 2 2 2 . 2 2
2 4 . 19 .8
2 2 .3 8 - 2 2 .3 6
1 5 .57 5 .81
62. 79
/
- 6 2 .  67
189 .48 - 1 7 2 .8 6
9 3 .8 2 - 4 4 .9 8
4 6 .3 8 - 1 .6 2
7 8 .3 6 4 7 .2 2
- 4 4 .  72 5 9 .0 2
1 9 .8 6 2 4 . 58
- 2 .5 6 - 4 2 .1 6
- 5 6 .8 6 -  6 8 .4 8
2 8 3 .3 - 9 5 .6 6
124 .74 3 1 .9 8
- 2 4 .8 6 64. 58
- 5 9 .4 2 - 5 4 .3
-2 1 7 .8 4 127 .88
4 5 .6 4 8 .8 4
8 3 . 6 - 3 4 .4 4
- 1 1 0 .6 4 -2 6 .3 2
4 0 8 .0 4 -1 5 8 .5 6
- 8 4 .2 8 - 3 4 .5 6
-1 7 2 .2 4 2 6 3 .4 4
-2 7 .0 4 -1 9 4 .2 4
- 6 3 .  68 12 7. 64
10 .28 -1 1 8 .8 8
176 .72 - 7 9 .0 4
- 6 0 .7 6 8 .  12
1. 520 63 
2 .4 6 0 9  
1 .14194  
1 .3698  5 
1 .05169
2 . 52793 
1 .34992  
2 .2 7 1 1 2  
1. 18507 
4 .64371  
2 .8 1 7 0 3  
1 .91041 
1 .82224  
1 .48049 
1.04061
TIME: 0 .4 0  SECS.
T 1351 ANIONIC -1 1 8 -
197.52  -3 5 .5 2
8 5 .9 9  - 7 1 .3 7
125 .72  -5 8 .6 8
3 5 .6 7  3 3 .4 7
5 .0 6  0 . 8 6
9 0 .0 7  - 9 0 .0 5
15 .49  5 .89
9 4 .2  - 3 1 .2 6
283 .51  -1 1 1 .5 3
161 .39  - 9 0 .0 5
9 5 .1 3  8 5 .0 1
109 .69  78 .71
106 .89  - 3 5 .8 5
25 .21  9 2 .1 5
8 9 .1 9  -9 0 .9 1
2 5 .3 7  - 3 7 .1 5
4 4 4 .9  -1 2 2 .1 2
2 0 4 .8 2  1 4 .5 6
132.1 8 1 .6 8
1 1 4 .5 6  6 3 .8 2
2 0 1 .5 8  2 1 .4 8
163 .72  - 6 .3
5 6 .3  128
1 2 8 .0 6  5 3 .7 6
649 .72  -2 4 0 .0 8
2 4 6 .6 6  1 7 .5 4
3 7 .8 6  3 6 5 .3
7 1 .7 6  - 1 8 4 .3 6
1 0 7 .5 6  136 .68
1 4 5 .5  - 1 7 .8 6
I S .n s  - 2 7 .7 8
181 .7 6  -7 4 .2 4
2 .2 2 3 9 4  
1 .12375  
1 .24832
1 .39  678 
1 .57713  
1 .04  785 
1 .77682  
2 .1 7 2 1 5  
1 .05549 
3 . 568 74 
1. 79233 
1 .53282  
1 .05653  
1 .08933  
1 .25801
tim e : 0 .3 8  SECS. •
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rioNioiac
136*23 -9 6 .8 1
1 2 .79  1 .83
33*52 3 3 .5 2
1 .13  - 1 .0 7
102.1 9 7 .9
4 .9 5  - 4 .9 3
1 6 .5  4
1 43 .73  1 8 .2 7
149 .0 2  -1 2 3 .4 4
3 4 .6 5  -3 2 .3 9
1 07 .0 5  - 9 7 .1 5
160 .23  127 .23
9 4 .9 8  9 8 .6 4
3 2 .4 5  -3 4 .5 9
9 2 .9 7  -1 0 2 .8 3
2 2 .2 7  1 4 .2 7
1 8 3 .6 7  - 1 1 4 .3 7
2 6 7 .2 8  53 .18
6 2 .5 3  127 .43
115 .2 4  - 7 0 .7
155 .83  9 1 .0 5
3 0 .0 8  2 2 4 .3 8
6 4 .0 5  -1 3 3 .2 3
8 8 .5 6  117.1
4 5 0 .9 5  8 3 .61
52.71 1 7 7 .7 7
1 2 5 .7 5  185.91
24 .51  -1 5 2 .6 1
6 1 .19  1 6 7 .5 5
5 6 .7 3  -1 9 8 .1 3
3 1 5 .4 3  133 .33
1 6 .13  2 5 0 .3 3
1.26471 
1 .7 7 3 3 7  
1 .1 1 4 9 5  
1 .31399  
1.28781 
5.65511 
1 .07419  
1 .45522  
2 .3 0 1 4 9  
2 .4 0 2 8 8  
2 .0 2 3 0 6  
2 .1 8 2 4 3  
2 .5 6 7 3 6  
1 .8 3 9 5 6  
3 .4 9 5 5 6
PROGRAM TO COMPUTE THE STATISTICAL SIGNIFICANCE OF THE RESULTS 
LISTNH
10 DIM A( 1 6 ) , EC 16)
20 DATA 1 4 5 .0 5 , 7 9 .3 2 , 136. 10, 120. 6 8 ,  6 5 .9 8 , 1 79. 53, 166. 51, 100 .08  
30 DATA 1 6 4 .9 7 ,9 5 .8 8 ,6 4 .0 5 ,1 8 0 .6 0 ,1 3 9 .2 2 ,9 4 .3 7 ,1 4 7 .3 0 ,1 2 4 .0 0  
40 FOR 1 = 1 TO 16 
50 READ ACI)
60 NEXT I 
70 LET M=1 
80 LET J=0
90 FOR I = 1T0 16 STEP 2 
100 LET J=J+1 
110 LET B=ACI)+ACI+1)
120 LET C=ACI+1)-ACI)
130 PRINT 'S , C 
140 LET ECJ)=B 
150 LET ECJ+8 ) = C
1 60 NEXT I
170 FOR 1 = 1 TO 16 
180 LET ACI)=ECI)




2 30 IF  M<=4 GO TO 80 
240 FOR 1=1 TO 16
2 50 LET F=A C I)/16 
2 60 PRINT F 





279 .61  -1 0 .4 9
139 .64  101. 72
2 7 0 .3  8 8 . 76
2 4 8 .7 6  - 8 4 .2 6
273 .31  -5 6 .6 3
245 . 15 1 1 6 .0 5
2 3 7 .8 4  -4 9 .1
2 6 1 .0 6  -3 3 .5 4
4 1 9 .2 5  -1 3 9 .9 7
5 1 9 .0 6  -2 1 .5 4
5 1 8 .4 6  - 2 8 .1 6
4 9 8 .9  2 3 .2 2
9 1 .2 3  112.21
4 .5 , -1 7 3 .0 2
5 9 .4 2  172 .68
8 2 .6 4  1 5 .5 6
938 .31  9 9 .8 1
1 0 1 7 .3 6  - 1 9 .5 6
9 5 .73  - 8  6 .7 3
2 3 .2 2  -1 4 2 .0 6
161.51 1 1 8 .4 3
4 .9 4  5 1 .38
60.81 -2 8 5 .2 3
188 .24  -1 5 7 .1 2
19 5 5 .6 7  7 9 .0 5
72.51 -1 1 8 .9 5
1 6 6 .4 5  156. 57
1 27 .43  2 4 9 .0 5
8 0 .2 5  -1 1 9 .3 7
2 2 8 .7 9  - 5 5 .3 3
169.81 - 6 7 .0 5
4 4 2 .3 5  128 .11
122.229 
4 .5 3 1 8 8
-  10.4031 
7 .9 6 4 3 7  
5 .01563
-1 4 .2 9 9 4  
10.6131
- 2 7 .  6469 
4 .9 4 0 6 2
- 7 .43438  
9 . 78 563 
1 5 .5656
T 7 .46062
-3 .4 5 8 1 2
- 4 .  19062 
8 .0 0 6 8 8
TIME: 0 . 5 0  SECS.
T 1351 ANIONIC
3 1 5 .8 5  8 5 .7 5
873 .01  - 3 1 .6 5
3 2 3 .8 5  35 .81
293 .31  -3 9 .7 1
2 9 8 .1 3  -3 1 .8 1
267 .81  73 .39
2 6 8 .0 2  -7 9 .2 8
3 0 1 .1 5  6 .5 5
5 8 8 .8 6  - 4 2 .8 4
616. 56 -2 9 .9 4
585 .94  -1 0 .3 2
5 6 9 .1 7  3 3 .1 3
- 5 .9  - 5 7 .4
- 3 .9  -7 5 .5 2
41 . 58 105 .2
-7 2 .7 3  8 5 .8 3
1205 .42  2 7 .7
1155.11  - 1 6 .7 7
9 .8  2
3 1 .1 5  -1 1 4 .3 1
72 .78  12 .9
22 .81  4 3 .4 5
132 .92  -1 8 .1 2
191 .03  - 1 9 .3 7
2 3 6 0 .5 3  -5 0 .3 1
4 0 .9 5  - 2 1 .3 5
4 9 .9  7 9 5 .5 9
58.11  3 2 3 .9 5
10 .93  - 4 4 .4 7
112.31 -1 1 6 .3 1
5 6 .3 5  3 0 .5 5
3 7 .4 9  -1 .2 4 9 9 9
147. 533 
- 2 .  55937 
-3 .1 2 3 1 2  
3 . 63187 
0 . 683125
- 7 .0 1 9 3 7  
3 .52188
I -2 .3 4 3 1 2  
-3 .1 4 4 3 7
-  1 .33438  
5 .97437
8 0 .2 4  69
- 2 .  77938 
-7 .2 6 9 3 7  
1 .90938  
- 7 .8 1 2 4 6  E-2
TIME: 0 .4 1  SECS.
-122-
T 1351 NONIONIC “ ^ 2 3 -
2 8 4 .3 7  - 6 5 .7 3
25 6 .7 8  -1 5 .4 2
245. 51 1 13. 55
266 . 59 -6 6 .4 3
2 6 0 .8 5  -6 9 .0 9
2 4 4 .6 5  116. 55
2 3 3 .5 9  - 4 4 .8 5
2 6 4 .3  ^ 3 0 .3
4 8 1 .1 5  32 .41
512.1 2 1 .0 8
50 5. 5 - 1 6 .2
4 9 7 .8 9  30.71
8 1 .1 5  50.31
4 7 .1 2  -1 7 9 .9 8
4 7 .4 6  185 .64
7 5 .1 5  1 4 .5 5
9 9 3 .2 5  3 0 .9 5
1003.39  -7 .6 1
3 4 .0 3  128 .27
2 7 .6 9  -1 2 2 .6 1
53 .49  -1 1 .3 3
14.51  46 .91
12 9 .6 7  -2 3 0 .2 9
2 0 0 .1 9  -1 7 1 .0 9
1996 .64  1 0 .1 4
6 1 .72  6 .3 4
6 8 . -3 8 .9 8
70. 52 3 2 9 .8 6
2 3 .3 4  - 3 8 .5 6
5 .6 6  -2 5 0 .8 8
3 5 .5 8  5 8 .2 4
40 1 .3 8  59 .2
124 .79  
3 .8 5 7 5
4 .2 5  
4 .4 0 7 5  
1 .45875  
0 .3 5 3 7 5  
2 .2 2 3 7 5  
2 5 .08  63 
0 .6 3 3  749 
0 . 39 62 5 
2 .4 3 6 2 5
20 .61  63 




TIME: 0 . 4 0  SECS.
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APPENDIX 4
A l i s t in g  of tlie c a p u te r  program used to  c a lcu la te  




10 DIM AC 1 6 ) ,EC 16)
20 DATAO.0 0 4 2 ,0 .0 0 3 7 ,0 .0 0 1 1 ,0 .0 0 0 5
21 DATAO.0 0 3 2 ,0 .0 0 0 9 ,0 .0 0 0 0 ,0 .0 0 2 9










FOR I = 1 
READ ACI) 
NEXT I 
LET M= 1 
LET J  = 0
0 0 0 2 , 0
40
0 0 1 0 , 0 . 0 0 2 1 , 0 . 0 0 0 0
TO 16
90 FOR I = 1 TO 16 STEP 2
100 LET J= J  + 1
110 LET B = ACI)+ACI+1)
120 LET C=ACI+1)-ACI)
130 PRINT B,C
140 LET ECJ)=B 
150 LET ECJ+8 )=C 
160 NEXT I 
170 FOR 1= 1 TO 1&





230 IF  M<=4 GO TO 80
240 FOR 1=2 TO 16
250 LET G=CABSCAC1))+ABSCACI)))
260 LET F=G/CAB5(AC1))-ABSCACI)>)
270 PRINT F '






0 .0 0 7 9 -5 .0 0 0 0 0 Et4
0 .0 0 1 6 - 6 . 0 0 0 0 0 E-4
4 .1 0 0 0 0 E-3 -2 .3 0 0 0 0 E-3
2 .9 0 0 0 0 E-3 2 .90000 E-3
0 .0 0 1 4 0 .0 0 1 4
0 .0 0 4 3 -0 .0 0 4 3
1 . 2 0 0 0 0 E-3 0 .0 0 0 8
0 . 0 0 2 1 - 0 . 0 0 2 1
9 .5 0 0 0 0 E-3 -6 .3 0 0 0 0 E-3
0 .0 0 7 - 1 . 2 0 0 0 0 E-3
0 .0 0 5 7 0 .0 0 2 9
0 .0 0 3 3 9 .0 0 0 0 0 E-4
- 1 . 1 0 0 0 0 E-3 - 1 . 0 0 0 0 0 E-4
6 . 0 0 0 0 0 E-4 0 .0 0 5 2
-0 .0 0 2 9 -0 .0 0 5 7
-1 .3 0 0 0 0 E-3 -0 .0 0 2 9
0 .0 1 6 5 -2 .5 0 0 0 0 E-3
0 .0 0 9 -0 .0 0 2 4
-5 .0 0 0 0 0 E-4 0 .0 0 1 7
-0 .0 0 4 2 0 .0 0 1 6
-7 .5 0 0 0 0 E-3 5. 10000 E -3
0 .0 0 3 8 - 0 . 0 0 2
5 .1 0 0 0 0 E-3 0 .0 0 5 3
-0 .0 0 8 6 0 .0 0 2 8
2 .5 5 0 0 0 E-2 -7 .5 0 0 0 0 E-3
-4 .7 0 0 0 0 E-3 -3 .7 0 0 0 0 E-3
-3 .7 0 0 0 0 E-3 1.13000 E-2
-3 .5 0 0 0 0 E-3 -0 .0 1 3 7
-4 .9 0 0 0 0 E-3 1 . 0 0 0 0 0 E-4
0 .0 0 3 3 - 1 . 0 0 0 0 0 E-4
3 .1 0 0 0 0 E-3 -7 .1 0 0 0 0 E-3
0 .0081 -0 .0 0 2 5
1 .45192
1 .33945  
1 .31818  
1 .47573  
1 .2973  
1 .27679  
1 .93103  
1 .83 3 3 3
1 .33945  
2 .5 9 1 5 5  
3 .3 2 2 0 3
1 .00787
1 .00787  
1 .77174  
1 .21739
t i m e : 0 . 5 6  SECS.
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ANIOIIIC
6 . 2 0 0 0 0 E-3 - 2 . 2 0 0 0 0 E-3
2 .90000 E-q -0 .0 0 1 9
4 .6 0 0 0 0 E-3 -0 .0 0 2 8
0 .0 0 1 7 0 .0 0 1 7
0 0
0 .0 0 5 7 -0 .0 0 5 7
0 . 0 0 1 0 . 0 0 1
0 .0 0 3 - 0 . 0 0 1 2
0 .0091 -3 .3 0 0 0 0 E-3
0 .0 0 6 3 -2 .9 0 0 0 0 E-3
0 .0 0 5 7 0 .0 0 5 7
0 . 004 2 . 0 0 0 0 0 E-3
-4 .1 0 0 0 0 E-3 3 .00000 E-4
- 1 . 100 0 0 E-3 0 .0 0 4 5
-0 .0 0 5 7 -0 .0 0 5 7
- 2 . 0 0 0 0 0 E-4 - 2 . 2 0 0 0 0 E-3
0 .0 1 5 4 -0 .0 0 2 8
9 .7 0 0 0 0 E-3 -1 .7 0 0 0 0 E-3
-0 .0 0 5 2 0 .0 0 3
-0 .0 0 5 9 0 .0 0 5 5
- 6 . 2 0 0 0 0 E-3 4 .00000 E-4
7 .70000 E-3 -0 .0 0 3 7
0 .0 0 4 8 0 .0 0 4 2
-0 .0 0 7 9 0 .0 0 3 5
2 .5 1 0 0 0 E-2 -5 .7 0 0 0 0 E-3
- 1 . 1 1 0 0 0 E-2 -7 .0 0 0 0 0 E -4
0 .0 0 1 5 1.39000 E-2
-3 .1 0 0 0 0 E-3 -  1 .27000 E-2
-0 .0 0 4 5 1 . 1 0000 E-3
8 .5 0 0 0 0 E-3 0 .0 0 2 5
-3 .3 0 0 0 0 E-3 -4 .1 0 0 0 0 E-3








1 .58 7 6 3
1 .0 5 7 3 8
3 .4 8 2 1 4
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T 1351 —128—
NON IÜNIG
6 .30000 E-3 - G .0021
0 .0 0 0 8 2 . 0 0 0 0 0 E-4
0 .0 0 0 9 0 .0 0 0 9
0 0
0 .0 0 8 4 0 .0 0 8 4
0 .0 0 0 9 -0 .0 0 0 9
0 .0 0 1 3 0 .0 0 0 7
0 .0 0 2 4 -1 .8 0 0 0 0 E-3
0 .0071 -5 .5 0 0 0 0 E-3
Q .0009 -0 .0 0 0 9
9 . 3Ü0')0 E-3 -7 .5 0 0 0 0 E-3
0 .0 0  3 7 1 . 1 0 0 0 0 E-3
-0 .0 0 1 9  • 2 .30000 E-3
0 .0 0 0 9 -0 .0 0 0 9
7 .50000 E-3 -9 .3 0 0 0 0 E-3
- 1 . 1 0 0 0 0 E-3 -2 .5 0 0 0 0 E-3
0 .0 0 8 - 6 . 2 0 0 0 0 E-3
0 .0 1 3 -0 .0 0 5 6
- 1 . 0 0 0 0 0 E-3 0 .0 0 2 8
0 .0 0 6 4 -0 .0 0 8 6
-0 .0 0 6 4 4 .60000 E-3
-0 .0 0 6 4 0 .0 0 8 6
1 .40000 E-3 -0 .0 0 3 2
-1 .1 8 0 0 0 E-2 0 .0 0 6 8
2 . 1 0 0 0 0 E-2 0 .0 0 5
0 .0 0 5 4 7.40000 E-3
-1 .2 8 0 0 0 E-2 0
- 1 .04000 E-2 -0 .0 1 3 2
- 1 . 18000 E-2 6 . 0 0 0 0 0 E-4
-0 .0 0  58 -0 .0 1 1 4
0 .0 1 3 2 4 .0 0 0 0 0 E-3
0 .0 0 3 6 1 . 0 0 0 0 0 E -2^
1.69231 
4 .1 2 1 9 5  
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APPENDIX 5
Yates' analysis, fo r  the s ig n if ic a n t  in te ra c tio n
-1 2 9 -
T 1351 -1 3 0 -
Yates' analysis •- C ationic In te ra c tio n s
1. Temperature and cu rren t density
%
TI 7.96 -2.44 124,32 62.16
I  -10.40 126.76 99.34 49,67
T 4.53 -18,36 129.20 61.45
T* 122.23 117.70 136.06 68,03
2, A cidity  o f tiie so lu tio n  and time o f  electrodc%x)sition
%
HR -14.30 -9.36 108,41 54.20
R 4.94 117.77 144.93 72,46
II -3.46 19.24 127.13 63.56
T* 122.23 125.69 106,45 53.22
3. A cidity  o f the  so lu tion  and s a l t concentration
%
HZ 10,61 26.18 144.95 72.47
Z 15.57 118.77 130.65 65.32
H -3.46 4.96 92.59 46.29
T* 122,23 125.69 120.73 60.36
T 1351 -131-
4, Terqxsrature of the batii and time of e lec tro d ep o sitio n
TR -7.43 -2,49 124.27 62.13
R 4.94 126.76 130.07 65.03
T 4.53 12,37 129,25 64.62
T* 122,23 117.70 105,33 52.66
5. Current density  and time of electrodepos:
IR 9.79 14.73 126.56
%
63,28
R 4.94 111.83 127.78 63.89
I -10,40 -4.85 97.10 48.55
*
T 122.23 132.63 137.48 68.74
6 . A cidity  and te rp e ra tu re
%
HT -7.46 -2.93 115.84 57.92
T 4.53 118.77 137.68 68,84
H -3.46 11.99 121.70 60.85
*
T 122.23 125.69 113.70 56.85
7, Additive conœ ntration  and e lectrod ep osition  time
T 1351 -132-
7. Additive concentration and time of e lec trodeposition
AR 8 . 00 12.94 107.52 53.76
R 4.94 94.58 146.82 73.41
A -27.65 -3.06 81.64 40.82
T* . 122.23 ,149.88 152.94 76.47
Anionic Additive
1 . Temperature and cu rren t density
TI 3.63 ' o ; s i 145.48
%
72.74
I -3 .12; 144.97 143. 71.67
T -2.56 -6.75 -6.75 72.23
*
T 147.53J 150.09 150.09 78.42
2 . A cidity  and time o f e lec trodeposition
%
HR -7.02 -10.16- 130.10 65.05
R -3.14 140.26 158.73 79.36
H -7.27 3.93 150.42 75.21
*
T 147.53 154.80 150.87 75.43
T 1351 -1 3 3 -
3, A cidity  and s a l t  concentration
HZ 3.52 23.76 164.02 82.01
Z 20.24 140.26 171.52 85.76
H -7.27 16.72 116.50 58.25
*
T 147.53 154.80 138.08 69.04
4. Current d ensity  and time of e lec trodepositj
%
IR 5.97 2.83 147.24 73.62
R -3.14 144.41 141.54 70.77
I -3.12 -9.11 141.58 70.79
*
T 147.53 150.65 159.76 79.88
5. Additive concentration and time of electroc
%
AR -7.81 -10.95 134,24 67.12
R -3.14 145.19 154.54 77.27
A -2.34 4.67 156.14 78.07
*
T 147.53 149.87 145.20 72.60
T 1351 -1 3 4 -
I on-ion ic  Additive
Tem^xirature and cu rren t density
TI 4.41 8.66 129.59 64.79
I 4.25 120.93 , 128.49 64.24
T -3.86 -0.16 112.27 56.13
*
T 124.79 128.65 128.81 64.40
T 1351
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